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Abstract
Interventional MRI requires accurate and fast localization of medical instruments within
the imaging volume of the MR scanner. Furthermore, in view of tissue motion and tar-
get dislocation, accurate intra-operative imaging is demanded. The research presented
in this thesis addresses these issues with reference to a proposed MRI-guided transrectal
prostate biopsy system.
As the instrument is not visible in the MR images, RF fiducial markers embedded
within the instrument are used to determine its pose. A novel localization method to
compute the location of N fiducial markers using 1D projections is presented. The
method is shown to yield significant improvements over previously proposed methods.
Computational complexity was significantly reduced by avoiding cluster analysis, while
high accuracy was achieved by using a set of optimally chosen projections and by apply-
ing Gaussian interpolation in peak detection. The method was analyzed and validated
using a combination of experiments and Monte Carlo simulations. Experiments in 1.5
T and 2.9 T MR scanners involved both water phantoms and volunteer subjects. High
robustness and sub-pixel accuracy were demonstrated while the computational time
showed an improvement of up to a factor of 100 over existing solutions.
This method was employed as the basis for tracking the endorectal probe during the
prostate biopsy procedure. The probe was positioned by means of a remotely actu-
ated manipulator. Miniature semiactive markers were embedded within the probe in a
rigid known geometrical configuration and tracked by means of the localization method.
At each position, Least-Squares fitting of the probe model with the localized one was
performed in order to achieve more accurate tracking. Navigation of the probe and
biopsy needle was realized through a dedicated graphical user interface. This interface
displayed interpolated cross sections through the MR imaging volume and simplified
graphical models of the instruments overlaid on the anatomy. Visual guidance was fur-
ther improved by filtering of the markers’ positions, which was enabled by the high
tracking rate.
In order to improve intra-operative imaging a novel external receiver array was de-
signed and a prototype was built, as an alternative to the more conventional endorectal
and pelvic receivers. This new array coil was optimized for imaging of the prostatic
area for a patient in the prone position by combining a butterfly coil and three single
trapezoidal loops. The design is suitable for positioning the endorectal probe and does
not introduce any spatial limitation to the range of movements. Experiments in a 1.5 T
MR scanner and simulations demonstrated higher receiver sensitivity and homogeneity
than conventional coils and also a significantly improved signal-to-noise ratio.
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Chapter 1
Introduction
Magnetic Resonance Imaging (MRI) is an imaging technique extensively used for diag-
nostic purposes as it offers comprehensive assessment of anatomical structures and func-
tions with no ionising radiation exposure [Pompili et al., 2013][Jarnum et al., 2009][Hen-
zler et al., 2010]. In view of these benefits, in the last twenty years, there has been an
increasing effort in transferring interventional procedures to the MRI environment. The
excellent soft-tissue contrast of MR imaging not only yields more reliable localization
of target lesions but also enables image-based navigation of medical instruments within
the patient’s body [Moore, 2005][Mortele et al., 2003][Reither et al., 2000].
In parallel, the introduction of robotic devices to assist clinicians has enabled the ac-
cessibility to the patient inside the MR scanner and minimized operational hazards [Lee
et al., 2010]. The integration of robotic assistant devices with image-based guidance has
the potential to improve accuracy and efficiency of interventions, and to reduce patient’s
trauma [Busse et al., 2007][Lee et al., 2010]. There are many potential applications of
robot-assisted interventional MRI in the field of surgery including percutaneous neu-
rosurgery, needle-based interventions, orthopedic surgery and intracavity interventions,
such as transrectal prostate biopsy [Kuo and Dai, 2009].
1.1 The context of the research
The research presented in this thesis is part of the project MRI Guided Endoscope.
The project was funded by The Wellcome Trust and aimed to develop two MRI-guided
systems suitable for the following interventional procedures: prostate biopsy for the diag-
nosis of suspected cancer and hepatobiliary procedures involving MR-guided cholangio-
pancreatography. The project involved a close collaboration between the Mechanical
Engineering and Electrical and Electronic Engineering departments at Imperial College
15
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London, while the clinical input was provided by The Institute of Cancer Research,
Royal Marsden Hospital (Prof. Nandita Desouza) in regard to the prostate biopsy in-
tervention, and by St Mary’s Hospital (Prof. Simon Taylor-Robinson) in regard to the
hepatobiliary procedures.
The focus of the work presented in this thesis has been the development of the MRI-
guided prostate biopsy system. The goal was to achieve higher accuracy, reduced inter-
ventional time, superior success rate and reduced training requirements than those using
previously proposed systems. With these aims, two main objectives were identified. The
first objective was the design and manufacture of an MRI-compatible remotely operated
device. The device included an endorectal probe for safe and accurate positioning of the
biopsy needle and an elongated biopsy gun for collection of the target sample within a
closed-bore MR scanner. This work was done by fellow Ph.D. student Nicholas Lambert
and its key aspects are outlined in Chapter 6 in order to improve understanding and
completeness of the thesis. The second objective was the development of a navigation
system to enable accurate, fast and reliable guidance of the biopsy needle to the target.
This work and its integration with the MRI system is the scope of the research presented
in this thesis. In particular, the navigation system included both software and hardware
components. The software components were localization and tracking algorithms and
graphical user interface; the hardware components were fiducial markers for instrument
tracking and a receiver coil array for intra-operative imaging of the target lesions. Fur-
thermore, the work presented here on instrument tracking and visualization is relevant
in the general context of tracking and guidance in interventional MRI.
1.2 Research motivation
Prostate cancer is the second most common cause of cancer death in men worldwide,
after lung cancer [Jemal et al., 2011]. The organization Prostate Cancer UK reports a
mortality rate of around 35 prostate cancer deaths for every 100,000 men [Lane et al.,
2010]. The American Cancer Society estimates that about 240,000 new cases of prostate
cancer will be diagnosed in the United States in 2013 and about 30,000 men will die
of prostate cancer [Wolf et al., 2010]. Mortality rate might be reduced with earlier di-
agnosis of this disease, improved monitoring of cancer staging and identification of an
optimal treatment.
MRI is currently the golden standard for detection of prostate cancer, owing to its
excellent soft tissue contrast and functional imaging capabilities. However, MRI’s low
specificity has limited its role in prostate cancer diagnosis and tissue biopsy is still an
indispensable tool. Nevertheless, current biopsy strategies present limitations which re-
sult in inadequate prostate cancer staging and treatment [Susil et al., 2003].
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Transrectal ultrasound biopsy (TRUS) is the technique routinely used to perform
prostate biopsy [Presti, 2000]. Since the target lesions cannot be distinguished in the
ultrasound images the needle is fired into regions of the gland where the targets are ex-
pected to be on the basis of the previously acquired diagnostic MR images. This results
in a relatively low probability of sampling the suspect tissue and the need to collect
multiple samples, with consequent distress for the patient and risk of spreading cancer
cells [Terris, 1999].
A system which could enable prostate biopsy within a high-field MR scanner would
provide for reliable identification of the suspect lesions. As a result, detection and stag-
ing of prostate cancer could be more accurate and the overall procedure less distressful
for the patient [Susil et al., 2003].
Several approaches to MRI-guided prostate biopsy within a closed-bore scanner have
been investigated [Beyersdorff et al., 2005][Susil et al., 2006][Krieger et al., 2007]; how-
ever, there is still no consensus regarding an optimal interventional system. The reason
lies in the complexity of such a system, whose performance depends equally and critically
on several components, namely the biopsy probe tracking performance and the visual-
ization capabilities combined with control of the instrument positioning mechanism. In
order to achieve accurate targeting, optimization of these components is essential and
this need provides the motive of this thesis.
1.3 Research outline
The key challenges in achieving efficient and accurate navigation of the biopsy probe
are fast and robust instrument tracking, accurate registration and reliable and effective
intra-operative visualization of both instrument and target. The significance of these
issues is outlined here and the solutions presented in this thesis are introduced. Key
aspects in developing the robotic device are also presented.
1.3.1 Instrument tracking and registration
MRI-guided interventions within closed-bore MR scanners do not allow direct view of
the medical instrument. As a result, the interventions rely on visual feedback, which en-
tails a computer-generated model representative of the instrument and displayed within
the imaging volume [Moche et al., 2008] [Fichtinger et al., 2008]. Pre-requisite for an
effective eye-hand coordination is accurate, robust and fast tracking of the medical in-
strument within the MR scanner.
As the medical instrument itself is not directly visible on the MR images, fiducial
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markers that are both MR visible and which do not affect the image quality are em-
bedded within the instrument [Garnov et al., 2011]. Fiducial markers usually represent
points in space, the position of which can be determined by combining MR imaging and
signal processing. In order to establish the 3D position of the instrument (rigid body)
in the imaging space, a minimum of three markers is needed; however, more markers
may be employed in order to improve the accuracy of the localization [Rachinger et al.,
2006].
Several solutions involving different markers and localization methods may be found
in the literature and they are discussed in Chapter 3. The most relevant work found was
presented by Flask et al. [2001] and this aimed to localize semiactive fiducial markers
using 1D projections. The use of 1D projections led to a significantly higher localization
rate than solutions involving image processing. In the work presented in this thesis, a
new method for 3D localization of semiactive markers (or active markers when a single
receiver channel is used) using 1D projections was developed, offering significant im-
provements in speed, robustness and accuracy over the previous ones. The benefits are
the significantly improved accuracy and update rate in instrument tracking and a more
reliable visual feedback.
A requirement for intra-operative visualization is to display correctly, in real-time,
the instrument position in relation to the patient’s anatomy. If the procedure involves
withdrawal of the patient from the MR scanner then the computed fiducial markers and
the patient need to be registered by some method [Beyersdorff et al., 2005] [Engelhard
et al., 2006] [Krieger et al., 2011]. The aim of this research was to provide the means for
performing the entire procedure in one set-up, without moving the patient out of the
scanner, with consequent shorter procedure time, simpler workflow and more accurate
outcome. This also meant that both the anatomical images and the instrument posi-
tion were directly provided in the same coordinate system and registration was greatly
simplified.
1.3.2 Visualization and instrument guidance
The manipulator is remotely controlled by the clinician on the basis of image feedback
provided on a monitor positioned in the scanner room. Previously proposed MRI-guided
systems generally use a 2D visualization, which makes 3D guidance of the instrument
difficult due to the lack of information [Krieger et al., 2011] [Susil et al., 2006]. Also, it
is very challenging to devise a truly generic 3D visualization technique and the solution
almost inevitably needs to be tailored for the specific application. This thesis presents a
new form of graphical user interface which provides 3D image feedback for the specific
positioning mechanism and procedure described here.
In view of possible tissue movements during the intervention, intra-operative update
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of the anatomical images should also be provided to enable accurate targeting [Fichtinger
et al., 2008]. However, the acquisition of MR images may considerably slow down the
procedure, especially if multiple slices are required. If a single slice is acquired then its
selection needs to be adequately controlled. Also, it is highly beneficial if the visualiza-
tion technique requires little or no interaction from the clinician, leaving him/her free
to operate. The solution sought in this work involved a combination of pre-operative
and intra-operative imaging. Pre-operative images provided a road-map for guiding the
instrument to the identified lesion and the intra-operative images, acquired before firing
the biopsy needle, provided a verification of the actual location of the target. If the
suspect lesion had moved, the needle was re-aligned accordingly.
In addition, intra-operative guidance may be enhanced through the implementation
of additional navigation aids specific to the intervention [Zhang et al., 2000] [Patil et al.,
2009]. In this work several visualization functionalities were developed in close consul-
tation with clinical staff. These included automatic update of the preferred targeting
trajectory, of the distance from the tip of the biopsy needle to the target and of the
visualized plane containing the needle.
1.3.3 Optimized receiver coil
It is challenging to obtain a sufficient intra-operative image quality such that the
suspect lesions can be accurately differentiated [Fichtinger et al., 2008]. The main issue
is to achieve high signal-to-noise ratio over the entire prostate region. Particularly, clin-
icians pose the requirement of high sensitivity over the peripheral zone of the prostate,
where there is highest probability of cancer [Center, 2013].
Diagnostic imaging of the prostate conventionally involves the use of an endorectal
balloon coil in combination with a standard pelvic coil array [Bloch et al., 2004]. How-
ever, this solution is unsuitable for the biopsy procedure due to the need to accommodate
the endorectal biopsy probe. It is also difficult to incorporate an adequate receiver coil
within the biopsy probe itself; the receiver coil may limit the range of movements of the
probe and its sensitivity may not be adequate due to acceptable coil size [DeSouza and
Gilderdale, 1996]. If the standard pelvic coil array alone is used, then the image quality
may not be adequate, especially if its position has to be compromised in order to allow
interventional access to the patient [Elhawary et al., 2010].
In this work a solution was sought in the design of a new type of external coil array.
Its geometry was optimized for improved image quality over the entire prostate region
while allowing adequate access to the patient during the procedure. This receiver would
also serve as an attractive alternative to the endorectal coil for diagnostic imaging.
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1.3.4 Robotic device
In order to overcome the spatial limitation within a closed-bore MR scanner and to
remotely control the medical instrument, a robotic device is needed [Lee et al., 2010]
[Fichtinger et al., 2008]. A major potential challenge in designing the robotic device is
the MR compatibility of sensors and actuators. The device developed in this project
was purely mechanical, remotely operated using flexible cables and on the basis of image
feedback.
In general, the design of a robotic device needs to be tailored for the specific inter-
vention [Fichtinger et al., 2008]. In many procedures the instrument is moved about
a single point and thus a remote-centre-of-motion mechanism design is often employed
[Lee et al., 2010]. According to this approach, the instrument rotates about a point
which decouples rotational and translational movements. The remote-centre kinemat-
ics of the manipulator developed in this project provides three degrees of freedom that
follow the natural motion of the endorectal probe during the procedure [Lambert et al.,
2012]. In order to minimize tissue movements and maximize patient safety, the manip-
ulator was designed to be positioned such that the centre of motion coincides with the
entry point into the patient’s body. This also meant that the controls were intuitive for
the clinician.
1.4 Aims and Objectives
The research presented in this thesis aims to develop an optimized navigation system
suitable for performing MRI-guided transrectal prostate biopsy. As outlined above, this
includes fast, accurate and robust tracking of the instrument, real-time visual feedback
of the location of the instrument in relation to the target and improved intra-operative
image quality. The specific objectives were as follows:
• Development and validation of a method for 3D localization of three or more fidu-
cial markers. The aim was to achieve sub-millimeter accuracy and faster update
rate than previously proposed methods.
• Development of a fast and accurate method for tracking the endorectal biopsy
probe. As target lesions can have dimension as small as 5 mm and the image
resolution is about one millimetre, the objective was a targeting error of one mil-
limetre.
• Development of a visualization software which enables effective guidance of the
instrument. The aim was to provide reliable and automatic 3D visual feedback of
the position of the endorectal probe in relation to the identified target.
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• Development of an external receiver coil which leads to improved intra-operative
imaging and is suited for the biopsy procedure. The purpose was to achieve su-
perior signal to noise ratio compared to the standard pelvic array coil, especially
over the peripheral region of the prostate.
1.5 Structure of the thesis
Chapter 2 presents background theory and information on MR imaging, including
the hardware and software components of MR scanners.
Chapter 3 reviews the current literature, covering previous work in instrument track-
ing and target imaging, with focus on MRI-guided prostate biopsy.
Chapter 4 describes the construction of miniature RF semiactive fiducial markers
and the development of the MR tracking sequence for acquisition of 1D projections. An
analysis of the signal peaks involving experiments in the MR scanner is presented and
the suitability of the markers for the specific application is investigated.
Chapter 5 presents the algorithm for localization of N markers in 3D using 1D pro-
jections. Validation of the algorithm is reported, including Monte Carlo simulations and
experiments in the MR scanner.
Chapter 6 presents the method for tracking the endorectal prostate biopsy probe.
This is based on the proposed localization method and comprises paired-point assign-
ment and Least-Squares method. Tracking of the probe is preceded by a description
of the prostate biopsy system and probe design. An analysis of the targeting accuracy
when three or more markers are used is presented.
Chapter 7 describes the visualization software which was developed to provide image-
based guidance of the endorectal probe and needle within the patient’s body to the
clinician. Pre-clinical trials performed by clinical staff at Royal Marsden Hospital are
reported.
Chapter 8 describes the novel external receiver array prototype for intra-operative
imaging of the prostatic area. The design of the receiver is illustrated and an analysis
of sensitivity and homogeneity is presented. This involves simulations and imaging in
the MR scanner.
Chapter 9 concludes the thesis with a review of the work done, a look at future
developments and a list of the outcomes of the research.
Chapter 2
Background theory
In this Chapter the background theory relevant to the thesis is provided. Initially, the
principles of magnetic resonance and the fundamental imaging modalities are described.
Then, the MR sequences employed in this work are illustrated. Since the research was
conducted on Siemens MR scanners, basics of hardware and software in a Siemens MR
environment are then reported. Finally, key concepts in RF electronics are described.
2.1 The Phenomenon of Nuclear Magnetic Resonance
MRI is based on the principles of Nuclear Magnetic Resonance (NMR), a phenomenon
that was discovered by Bloch and Purcell in 1950 and which occurs when nuclear spins
are placed in a static magnetic field and exposed to a second oscillating magnetic field
[Hornack, 1996]. If nuclear spins are immersed in a static magnetic field B0, an in-
teraction between B0 and the magnetic moments of the spins occurs. This interaction
is called Zeeman Interaction and causes a splitting of the spins energy levels into the
Zeeman levels. The energy associated with each level is Em = −γ~mB0, where γ is the
gyromagnetic ratio, ~ is the reduced Planck’s Constant (~ = h2pi ) and m is the magnetic
quantum number. Also, each level satisfies the relation −I ≤ m ≤ I, where I is the spin
quantum number.
Clinical MRI is normally based upon 1H nuclei, since 1H is the most abundant nu-
cleus in the human body and it has a relatively strong magnetic moment, which result in
a large MR signal. For 1H nuclei, I = 12 and m = ±12 . The two energy levels correspond
to two possible spins orientations; one orientation is parallel to B0 (lowest energy) and
the other orientation is antiparallel to B0 (highest energy), as shown in Figure 2.1. The
energy difference between the two levels is equal to:
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4 Em = ~γB0 (2.1)
Therefore, a photon of energy E = hν0 = ∆Em can stimulate a transition between
the two energy levels, which corresponds to the resonance condition:
ω0 = γB0 (2.2)
with ω0 = 2piν0.
Figure 2.1: Zeeman splitting for 1H nuclei.
The population of spins in each level is given by the Boltzmann Distribution function
[Hornack, 1996]:
N+
N−
= e−
∆Em
kT (2.3)
where k is the Boltzmann constant and T is the temperature. Equation 2.3 states that
the number of spins parallel to B0, N
+, is higher than the number of spins antiparallel to
B0, N
−. It follows that the vector sum of spins is non-zero and points in the direction of
B0. This vector was introduced to describe a system of spins from a macroscopic point
of view and is known as net magnetization vector or, simply, magnetization M .
The MR signal is generated from a system of spins by applying a pulsed magnetic
field B1 having the same frequency as the resonance frequency ν0. While B1 is applied,
M rotates by an angle α, which is called flip angle, proportionally to the duration of B1.
When B1 is switched off, M returns to its equilibrium position by precession around the
static field B0. This process is called relaxation.
Relaxation consists of an exponential decay of the transverse component of M, Mxy,
through a gradual dephasing of the spins described by the time constant T2, along with
an exponential growth of the longitudinal component of M, Mz, to the initial value
described by the time constant T1. The values of the time constants T1 and T2 depend
on the specific molecular environment of the spins. The presence of inhomogeneities in
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the static field causes an additional dephasing effect which makes the effective dephasing
time constant equal to T ∗2 , which is always less than T2.
If during relaxation a receiver coil is placed perpendicularly to the transverse plane,
the transverse component Mxy induces a voltage in the coil due to its precessional
motion, as shown in Figure 2.2. This induced voltage is known as Free Induction Decay
(FID) and is the MR signal.
Figure 2.2: Relaxation process and MR signal detection.
2.2 Principles of Magnetic Resonance Imaging
The extension of the NMR concept to imaging follows from the spatial encoding of
the MR signal described above using magnetic field gradients. Spatial encoding of the
MR signal is the key concept in MRI. The magnetic field B0 is made linearly dependent
on the spatial position of the spins by applying a one-dimensional constant magnetic
field gradient G [McRobbie, 2003]. For instance, if a field gradient is applied along the
x axis, Gx, then the magnetic field at the location x, B
′
0, becomes
B
′
0 = B0 +Gxx (2.4)
and, therefore, the resonance Equation 2.2 becomes
ω
′
0 = γ(B0 +Gxx). (2.5)
Equation 2.5 states that the resonance angular frequency of a spin depends on its position
along the gradient field direction.
In MRI, the first step is the localization of the Radio Frequency (RF) excitation to
a region of space, which is accomplished by application of an RF pulse in conjunction
with a gradient, known as slice selection gradient [Brown, 2005]. The direction of the
slice selection gradient determines the slice orientation, whereas the gradient amplitude
together with the RF pulse bandwidth determines the slice thickness. Once the slice has
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been selected, two different main imaging modalities can be used: Fourier Transform
Imaging or Back Projection Imaging.
2.2.1 Fourier Transform Imaging
In a conventional Fourier Transform Imaging sequence, the selection of a slice is fol-
lowed by the application of other two different gradients, called phase encoding gradient
and frequency encoding gradient. A phase encoding gradient is applied along one di-
rection of the slice before data are collected. When the gradient is switched on, the
resonance frequencies of the spins are altered according to the spin locations along the
gradient direction. As the gradient is switched off, the frequencies return to the same
value but the phases are different. The amount of induced phase shift depends on the
magnitude and duration of the phase encoding gradient that the spin experiences and
on the spin location. An MR acquisition consists of multiple repeated applications of
the phase encoding gradient until all the spatial frequencies are interrogated. At each
repetition the magnitude of the phase encoding gradient is changed in equal steps be-
tween the maximum and the minimum value of the gradient.
A frequency encoding gradient is applied along the other direction of the slice during
signal acquisition. The frequency encoding gradient causes the spins to precess at a
frequency which depends on their location along the direction of the gradient. The ac-
quired signal therefore contains a mixture of different frequencies. A Fourier Transform
determines the frequency components of the signal in the frequency encoding gradient
direction, at each phase gradient step. In order to spatially locate the spins along both
the directions of the slice, a Fourier Transform is also applied along the phase encoding
direction.
As the Fourier Transform converts the acquired data into signal amplitude versus its
frequency, it is possible to associate a gray level to each data and to identify its location
in the image matrix. The Fourier Transform is applied once all the data are acquired and
collected into a matrix, known as k-space. All the information necessary to reconstruct
an image is contained within the k-space. Although each data point contributes to all
aspects (frequency, phase and amplitude) of every location within the slice, some data
points emphasize different features in the final image. Contrast in the image is primarily
determined by data in the center, whereas edge definition is primarily determined by
data at the edges of the k-space [McRobbie, 2003] [Hornack, 1996].
2.2.2 Back Projection Imaging
Most of current imaging techniques are based on the Fourier Transform and they
fill the Cartesian grid of points in the k-space using a sequence of gradients. In Back
Chapter 2. Background theory 26
Projection Imaging, a radial filling of k-space is performed by applying a one dimensional
field gradient at different angles.
At each gradient orientation, the MR frequency spectrum is recorded. The variation
of the angle is accomplished by the application of a linear combination of two gradients.
Once all the data are acquired, the projections are radially back projected by applying
the inverse Radon Transform [Deans and Roderick, 1983]. The Radon Transform is the
integral of a function over a straight line. Each 1D projection is the line integral g(s, ϕ)
of the image along a line at distance s from the origin of the coordinates system and at
angle ϕ off the x axis, as shown in Figure 2.3. The collection of the line integrals g(s, ϕ)
at all the angles ϕ is called the Radon Transform of the image [Hornack, 1996].
Figure 2.3: Radon Transform of an image. A 1D projection is the line integral g(s, ϕ)
of the image along a line at distance s from the origin and at angle ϕ off the x axis.
1D projections are used in this thesis in order to localize RF fiducial markers; however,
since the intent was to determine the location of the fiducial markers without the need
to produce an image, the method does not involve the inverse Radon Transform. The
projections of the fiducial markers will be simply back projected in space and their
intersections will be computed in order to eventually determine the original markers’
coordinates.
2.3 MR pulse sequences
A pulse sequence is the specific order of excitation pulses and magnetic field gradients
which control the MR signal and hence the acquired image. MR sequences are generally
divided into two categories on the basis of the type of echo, namely Spin Echo and
Gradient Echo.
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2.3.1 Imaging parameters
In addition to the flip angle, the main parameters used to control the evolution of
the magnetization and hence the final image contrast are the Echo Time (TE) and the
Repetition Time (TR). TE is the time from the centre of the RF excitation pulse to the
centre of the received echo signal; TR is the time between repeated acquisitions, which
is also equal to the time between successive excitation pulses.
Another important parameter is the receiver bandwidth, RBw, which determines the
amount of noise collected during the acquisition of the signal. Some disadvantages of ex-
cessively lowering the RBw are that it lengthens the time required to obtain data, which
can lead to lower signal levels, increased scan times and an increase in the appearance
of chemical shift artifacts.
2.3.2 Spin Echo
In a Spin Echo (SE) sequence a 90◦ pulse is applied, followed by a 180◦ pulse at time
TE
2 to refocus the dephasing transverse magnetization. The refocusing pulse causes the
signal to form an echo at time TE (Figure 2.4). This echo is detected by the receiver
coil during the application of a frequency encoding gradient and forms a single line of
spatially encoded data. The inversion of transverse magnetization by the 180◦ pulse
causes cancellation of the increased relaxation due to field inhomogenieties, hence the
amplitude of the echo will depend on constant T2, and not on T
?
2 . A Turbo Spin Echo
(TSE) sequence applies a train of 180◦ refocusing pulses for as long as the remaining
transverse magnetization is sufficient to form an echo, acquiring multiple lines of spatially
encoded data. This speeds up the scan time by a factor called the turbo-factor, which is
the number of repeated refocusing pulses, or the number of echoes formed per excitation.
By setting a long TR and a long TE, T2-weighted images can be obtained, in which
tissues with long T2 give the highest signal intensities. T2-weighted images are often
used for pathology scans since abnormal fluid will be bright against dark tissue. In this
thesis, T2-weighted Turbo Spin Echo will be employed for prostate imaging.
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Figure 2.4: Sequence diagram of a basic Spin Echo (SE) imaging sequence [McRobbie,
2003].
2.3.3 Inversion recovery
Inversion Recovery (IR) is a SE sequence with an additional RF 180◦ pulse applied
before the 90◦ pulse, as shown in Figure 2.5. This inversion pulse flips the magnetization
by 180◦, such that the magnetization must now travel through zero back to M0. Because
different tissues have different T1 values, the Inversion Time (TI) can be selected so that
the signal from some tissue is prepared with zero initial magnetization, a state which is
called saturation. This removes the tissue from the final image. By varying TI, an IR
sequence can be employed to measure the relaxation time T1.
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Figure 2.5: Sequence diagram of an Inversion Recovery (IR) imaging sequence
[McRobbie, 2003].
2.3.4 Gradient Echo
A Gradient Echo (GE) sequence uses gradients to dephase the transverse magnetiza-
tion faster than would happen naturally and to rephase the signal in a shorter time than
a SE sequence. This, combined with a low excitation pulse, results in a significantly
reduced scan time.
A standard GE sequence is shown in Figure 2.6. In a GE sequence, TR may be
less than T2 and, therefore, transverse magnetization may remain between consecutive
excitations; this may cause additional echoes which would affect the image quality. In
order to avoid this effect, the remaining transverse magnetization is normally destroyed
by the application of spoiling gradients. Alternatively, the remaining magnetization is
rewound by reversing the gradients, in which case the remaining signal adds to the signal
acquired in the next measurement (balanced sequences).
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Figure 2.6: Sequence diagram of a basic Gradient Echo (GE) imaging sequence
[McRobbie, 2003].
2.4 MR scanner environment
The development of the MRI-guided prostate biopsy system was primarily based on
the Siemens MR system. This choice was motivated by the collaboration with The Insti-
tute of Cancer Research (Sutton, London, UK), where prostate biopsies are performed
in Siemens MR Scanners.
2.4.1 Siemens MR scanner hardware
The Siemens MR system comprises three computers connected via 1 Gbit/s Ethernet
network, as shown in Figure 2.7:
• Host. This computer is used to drive the MR scanner and to visualize and store
the acquired MR images.
• MPCU (Measurement and Physiological Control Unit). This computer controls
the gradient coils, the RF coils and any additional devices. MR sequences not
included in the system can be programmed by the user and run on the MPCU.
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• Image processor. This computer is responsible for initial storage of the acquired
raw data and processing of the data to produce images.
Further information on MRI scanner hardware is given in [McRobbie et al., 2003].
Figure 2.7: The MR Siemens system is composed by three Ethernet networked com-
puters: Host, MPCU and Image processor.
2.4.2 Siemens MR scanner software
The Siemens MR System is based upon the Syngo interface and the Integrated Devel-
opment Environment for Applications (IDEA) platform. The IDEA platform includes
two main packages: (i) the Sequence Development Environment (SDE) package for
programming pulse sequences and (ii) the Image Calculation Environment (ICE) for
processing of the data acquired by the scanner. The IDEA software also includes a com-
piler and a simulation package which allow researchers to develop new sequences and
image reconstruction methods on a separate Windows PC. Programming is done using
C++ language.
The Sequence Development Environment (SDE) package enables to program and cus-
tomize the imaging sequences. Strength of the gradients, RF pulses, and data acquisition
can be set by the user. Templates of standard sequences are available and can be cus-
tomized to obtain a specific result. The Image Calculation Environment (ICE) package
provides the framework to implement the image calculation steps. Each sequence in the
scanner has a reference to an ICE program file which determines the steps to be applied
to the raw data. Each step is described by a functor. Functors are grouped together by
configurators that combine multiple functors into the image processing pipeline. The
steps taken in the pipeline can be programmed by the user. These features and more
are further explained in the IDEA documentation [Wertherner, 2006][Zwanger, 2006].
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2.5 Basics of RF Receiver Coils
The quality of the MR images depends on the quality of the detected MR signal,
which can be optimized by placing the receiver Radio Frequency (RF) coil in proximity
of the source. In electronics, resonance occurs when an inductance L and a capacitance C
are combined in an LC circuit. When a signal with a certain frequency is applied, a large
quantity of stored energy will continually transfer between the capacitive reactance and
inductive reactance, resulting in signal amplitudes much higher than that of the original
applied signal. The circuit is said to resonate at the particular frequency at which the
resultant amplitude is greatest [Terman, 1943].
A resonant circuit can be classified as a parallel or a series resonant circuit. A
parallel resonant circuit appears as an open circuit to an incident signal at the resonant
frequency, while higher or lower frequencies will find it easy to pass through one of
the two branches. Alternatively, a series resonant circuit appears as a short circuit to
an incident signal at the resonant frequency, while higher or lower frequencies will be
blocked by one of the two components [Terman, 1943].
2.5.1 Signal-to-Noise Ratio and Quality Factor
A critical issue in the reception of the MR signal is the SNR, which determines the
quality of the MR image. The higher the SNR, the higher the quality of the image. In
order to maximize the SNR, it is necessary to maximize the received signal and minimize
the background noise.
The SNR may be expressed as [Fujita et al., 2013]:
S
N
α
Bxy(~r)√
Rc +Rs
(2.6)
where Bxy(~r) is the transverse magnetic field induced by the coil at the point ~r, Rc is
the coil resistance and Rs is the sample resistance. In order to optimize the SNR, Bxy(~r)
may be maximized by placing the coil closer to the source of signal and perpendicularly
to B0 while Rc and Rs may be minimized, respectively, by increasing the coil Q-factor
and by choosing the coil size to match the region of interest.
In particular, the noise due to the coil can be modelled as Johnson noise [Terman,
1943]:
Vn =
√
4RcKBT
∆ω0
(2.7)
where T is the environmental absolute temperature, KB is the Boltzmann constant, ω0
is the resonance angular frequency of the coil and ∆ω0 is the bandwidth of the coil. The
noise associated with the sample is due to the random thermal and induced molecular
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motion within it; since this noise is very hard to control, it is desirable that the noise
due to the coil is as low as possible.
The bandwidth ∆ω0, which appears in Equation 2.7, is related to the quality factor
Q of the coil:
Q =
ω0
∆w0
(2.8)
The quality factor Q of a resonant circuit is a measure of the selectivity of the resonant
circuit [Terman, 1943]. A higher value of Q corresponds to a more narrow bandwidth,
which is desirable. A coil with high Q has a small bandwidth, therefore produces less
noise and gives higher SNR than a coil with lower Q.
2.5.2 Surface coils and Phased arrays
Surface coils are simple loop coils, which can be either flat or flexible. The simplest
type of surface coil is a single loop coil; multiple surface coils may be combined to create
a phased array coil. A phased array coil generally consists of a number of mutually
decoupled surface coils that detect MR signals simultaneously; by combining these sig-
nals, an image can be obtained with more uniform sensitivity and higher SNR than an
individual coil having the same diameter [Roemer, 1990].
2.5.2.1 Tuning and Matching
The MR signal is detected by receiver coils tuned at the same frequency of 1H protons
to ensure greater MR signal amplitudes from the anatomy [Hoult, 1978]. For instance,
at 1.5 T, the receiver coil must be tuned at ν0 = 63.87MHz.
Once detected, the signal is transmitted to the MR scanner receiver port by means
of a 50 Ω transmission line. According to the Maximum Power Transfer theorem, in
order to maximize the power transfer from the receiver RF coil to the transmission line,
the impedance of the receiver RF coil (source) must be matched to that of the 50 Ω
transmission line (load) [Terman, 1943].
2.5.2.2 Mutual coupling
The most important recognized requirement in designing phased array coils is to
minimize the mutual coupling that exists between neighbouring surface coils [Roemer,
1990]. Mutual coupling causes transfer of signal from an element to another, which
results in splitting of the resonance frequencies and disrupts the phased array receive
pattern.
Three techniques are normally employed in order to minimize mutual coupling. These
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are inductive decoupling, capacitive decoupling and preamplifier decoupling [Fujita et al.,
2013]. Inductive decoupling consists in partial overlapping of neighboring elements so
that the total magnetic flux between them is cancelled. This method is the most often
used because it is geometrically fixed and does not require tuning. Capacitive decoupling
is used when topology and position of the element cannot be changed. It consists in the
introduction of a decoupling capacitor in series with the mutual inductance of the two
elements. Preamplifier decoupling is the most modern decoupling method and consists
in presenting a low impedance preamplifier to the coil and inserting it into a parallel
resonance trap which is in series with the coil. The parallel resonant trap blocks the
current from flowing in the coil due to the high impedance, even though the coil is
receiving and faithfully transmitting MR signal to the preamplifier. This method allows
decoupling of the elements placed far from each other, which cannot be decoupled by
other means [Taracila et al., 2008].
2.5.2.3 Decoupling in transmission
Coupling of the receiver RF coils with the transmitter RF coil during RF excitation
may cause significant induced currents in the receivers and hence significant disturbances
in the local field, damage to the electronic components and excess of the Specific Ab-
sorption Rate (SAR) [Rea et al., 2009]. This may be prevented by detuning the receiver
during the transmission phase by employing passive detuning or active detuning. Both
approaches make use of PIN diodes which, when forward biased, cause a parallel LC
network to resonate. This leads to high impedance across the parallel circuit and there-
fore prevents significant current from flowing in the receiver. In active detuning the
signal required to forward bias a PIN diode is supplied, whereas passive detuning relies
on the property of the transmit field to forward bias a pair of crossed PIN diodes. The
pair of PIN diodes limits the maximum voltage that can develop across the capacitor C
to 0.5 V while it permits reception of the MR signal, since the voltage during reception
does not exceed this threshold.
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The field of interventional MRI has significantly expanded in the last twenty years
thanks to the advances in MRI technology, computing power and MR-compatible robotics
[Cleary and Peters, 2010]. There are many potential applications of interventional MRI
and research is ongoing towards faster and more accurate approaches [Moche et al.,
2008]. As prostate biopsy is the focus of this thesis, this Chapter begins with a review of
previously proposed systems for MRI-guided prostate biopsy, including tracking, robotic
and visualization solutions. The Chapter goes then more deeply into the broad existing
literature in instrument tracking. Finally, receiver coils currently available for diagnostic
and intra-operative imaging of the prostatic area are discussed.
3.1 MRI-guided prostate biopsy
3.1.1 The need for MRI-guided prostate biopsy
Prostate cancer normally increases the production of prostate-specific antigens (PSA)
and, therefore, screening for increased PSA level in the blood is the first test for prostate
cancer detection in its early stages. However, the test is problematic, since a small per-
centage of men who do have prostate cancer will not have a raised PSA level and PSA
levels tend to rise in all men as they get older. A second test to detect prostate can-
cer is digital rectal examination (DRE). The rectum is close to the prostate gland, so
the clinician can feel for any abnormalities in the prostate by inserting a gloved finger
into the rectum. If cancer is present, the gland may feel hard and knobbly, whereas
with benign prostatic conditions the gland is usually enlarged, firm and smooth [from:
http://www.macmillan.org.uk/]. However, in some cases, the cancer causes no changes
to the gland and a DRE may not be able to detect the cancer.
Because the PSA and DRE tests are indicators of cancer but not diagnostic, other
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tests are needed to complete the cancer diagnosis. Imaging of the prostate is used for
a more accurate diagnosis and localization of prostate cancer tissues. MR imaging is
currently the best imaging modality for prostate cancer detection, owing to its higher
soft tissue contrast than other imaging techniques. However, because diagnosis by MR
imaging alone is not sufficiently robust, biopsy is ultimately necessary for confirmation
of suspected cancer and to determine the optimal treatment.
Transrectal Ultrasound-guided biopsy (TRUS) is the standard technique for prostate
biopsy, owing to its low cost, simplicity and wide availability [Presti, 2000]. However,
because it suffers from poor soft tissue contrast and therefore cannot differentiate pre-
viously identified suspected cancer lesions [Terris, 1999], TRUS is normally performed
with the support of the previously acquired diagnostic MR images (Figure 3.1) and it
requires the collection of several samples, with the risk of spreading the cancer cells and
high distress for the patient. Alternatives to TRUS-based guidance are therefore needed.
MRI offers high sensitivity, high spatial resolution and excellent soft tissue contrast. Us-
ing MRI for guidance has hence been a natural choice and several MRI-guided prostate
biopsy approaches have been reported.
Figure 3.1: TRUS (left) and MRI (right) images of the prostate.
3.1.2 Previously proposed MRI-guided prostate biopsy systems
The main challenges in developing an MRI-guided prostate biopsy system are the spa-
tial limitation inside conventional closed-bore MR scanners and the MR compatibility of
the components. In order to overcome the spatial limitation, first MRI-guided prostate
biopsy systems were designed for open scanners [Cormack and D’amico, 2000][Tempany
and D’amico, 2000]. Unfortunately, open scanners suffer from reduced SNR, due to low
field strength, and consequently from low image quality. Therefore, for a reliable iden-
tification of the targets, MRI-guided prostate biopsy should be preferably performed in
a higher field closed-bore scanner and robotics may assist in overcome the limited space
problem.
Proposed MRI-guided prostate biopsy systems are normally classified according to
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the access to the prostate: transperineal, transrectal or transguteal. The transrectal
approach is considered the less invasive, it does not require anaesthetics and it is techni-
cally straightforward [Di Maio and Fisher, 2006]. For these reasons, transrectal biopsy
is generally preferred.
Beyersdorff et al. [2005] and Engelhard et al. [2006] described the use of a stereotactic
device for MRI-guided transrectal prostate biopsy (InVivo Germany GmbH, Schwerin,
Germany) in a closed-bore MR scanner, with the patient in the prone and in the supine
position, respectively. The device has three degrees of freedom (rotation, insertion and
height) and a needle guide filled with Gadolinium for passive tracking (Figure 3.2). Once
the patient is in the scanner, MR images of the prostatic area are acquired by using a
pelvic coil. The target is then selected and two perpendicular slices are acquired to
determine the needle guide location in relation to the target. Dedicated software com-
putes the needed adjustment in position and angulation of the needle guide in order to
reach the target. Initial trials were reported as successful, however quantification of the
targeting error was not found in the literature. The main disadvantage of these systems
is that localization of the material-filled needle guide is performed using two perpen-
dicular imaging planes resulting in a time-consuming localization technique. Also, the
patient has to be withdrawn from the scanner to perform the biopsy, which results in a
cumbersome procedure which takes time and limits the accuracy of the MRI-guidance.
Figure 3.2: MRI-guided transrectal prostate biopsy device. InVivo Germany GmbH,
Schwerin, Germany [Beyersdorff et al., 2005] and [Engelhard et al., 2006].
[Elhawary et al., 2010] proposed a robotic system with piezoceramic motors for a
patient in the lateral position. The whole procedure was intended to be performed with
the patient inside the scanner. The biopsy probe incorporated a surface coil and two
semiactive markers. The system used two scan planes, sagittal plane and plane through
the markers, for automated tracking of the probe. An update rate of about 0.5 frames
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per second was reported. Unfortunately, clinical results showed that the targets located
in the peripheral zone of the prostate were not accessible because of the limitations in
the angular movements of the probe due to the mechanical design of the robot and probe
design.
Recently, Krieger et al. [2011] reported an endorectal probe with integrated single-
loop imaging coil, a steerable needle channel and four passive markers, as shown in Figure
3.3. Initial registration of the device within the imaging space was accomplished by
segmenting in volumetric sagittal MR images four passive markers, two incorporated into
the probe and along its axis, and two placed coaxially with the needle guide. Dedicated
software provides the parameters for placement of the needle and it tracks orientation
and position provided by fiber-optic sensors, while the needle guide is moved towards
the target. Similarly to Beyersdorff et al. [2005] and Engelhard et al. [2006], after
target selection on the acquired MR images, the patient table is withdrawn from the
scanner and the biopsy is performed out of the magnet bore. Targeting error was about
3 mm while the average procedure time was about 76 minutes. Such long procedure
(TRUS procedure time is about 20 minutes [Tru, 2012]) was probably due to the time-
consuming localization technique as well as to the workflow of the procedure which
requires withdrawing of the patient from the scanner.
(a) (b)
Figure 3.3: MRI-guided transrectal device for MRI-guided transrectal biopsy [Krieger
et al., 2011].(a) The device is shown inserted in a prostate phantom. (b) Targeting
program. The red cross is the currently selected target. Rotation, needle angle, and
insertion depth are displayed to reach the current target. The yellow cross is another
target.
Previously, Susil et al. [2006] employed active markers localization for a similar device.
Three active markers were embedded within the probe and a 1D projection tracking
sequence was employed for their localization, as shown in Figure 3.4(a). By knowing the
position of the target and the pose of the needle guide, necessary rotation and translation
to bring the needle trajectory through the target were calculated by dedicated software
and displayed, as shown in Figure 3.4(b). While the clinician moved the probe, by
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means of extended knobs, the targeting parameters were updated. A targeting accuracy
of about 2 mm was reported. However, once the probe was in the correct position, the
patient table was withdrawn from the scanner to allow insertion of the biopsy needle.
Also, the use of active markers introduced complexity and safety hazards. More details
about the employed tracking method are reviewed in Section 3.2.
(a) (b)
Figure 3.4: MRI-guided transrectal device for MRI-guided transrectal biopsy [Susil
et al., 2006]. (a) The tracking coils, the imaging coil and the positioning arm are shown.
(b) Graphical user interface. Rotation, translation, and insertion depth to reach the
target are displayed.
3.2 Localization methods
Localization of a medical instrument within the MR imaging volume is essential to
provide MRI-guidance. A number of different approaches has been reported in the last
30 years as a result of the increased interest in MRI-guided interventions [Wendt and
Wacker, 2000]. These may be classified in mechanical digitizers, optical systems and
MR fiducial markers.
Mechanical digitizers, consisting of a mechanical arm equipped with joint position
sensors, were the main technology adopted in early tracking of devices [Maciunas et al.,
1992]. However, due to the cumbersome handling of such devices, optical position sen-
sors using a camera to detect infrared light emitted by markers mounted on the device
quickly replaced them [Khadem et al., 2000] [Schmerber and Chassat, 2001] [DiMaio
et al., 2007].
Optical systems are considered to be more flexible and accurate than mechanical
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digitizers but they do require an unobstructed line of sight between the sensor and the
markers; this is difficult to ensure within a conventional closed-bore MR scanner and,
especially, in tracking of instruments within the patient’s body. This key limitation led
to investigation of alternative solutions which might be employed to localize internal
medical devices with minimal restrictions in setup and range of movements of devices.
Efforts have been undertaken towards a localization method which could benefit from
simple interfacing with the MR scanner, MRI technologies and MR properties of mate-
rials. The current approaches to localization by using MRI are generally classified on
the basis of the employed MR fiducial markers: passive, active and semiactive markers.
3.2.1 MR markers localization
3.2.1.1 Passive markers
This approach attempts to locate a device by means of its associated signal voids
or by incorporating passive fiducial markers into the device to generate susceptibility
inhomogeneity or positive contrast (e.g. using GD-DTPA) [Smits et al., 1999] [Omary
et al., 2000] [Susil et al., 2003] [Seppenwoolde et al., 2003] [De Oliveira et al., 2008]
[Beyersdorff et al., 2005]. The major advantage of employing passive markers is that
there is no wire connection to the MR scanners and hence there is no risk of induced RF
heating and no interference with the interventional procedure. However, this approach
generally suffers from low contrast and low resolution and it depends upon the imaging
sequence, resulting in a time-consuming localization scheme.
Beyersdorff et al. [2005] reported an MRI-guided transrectal needle biopsy system
which employs a passive fiducial marker sleeve coaxial with the biopsy needle. The
biopsy needle was guided by using half-Fourier rapid acquisition (RARE) with acqui-
sition in two perpendicular scan planes. De Oliveira et al. [2008] developed a biopsy
needle holder which includes a cylindrical template filled with contrast agent identified
by means of phase-only-cross-correlation algorithm (POCC) in two slices perpendicular
to the biopsy needle. Figure 3.5 shows the passive marker and the stages of the local-
ization method. This approach resulted in an improved tracking speed and permitted
automatic scan plane update at a rate of about one image per second. Seppenwoolde
et al. [2003] exploited the idea of gradient compensation for depiction and tracking of
paramagnetic susceptibility markers. The positive contrast was the result of dephasing
of background signal by slice selection gradients, whereas signal in proximity to the
marker was maintained by a dipole field induced by the marker which compensates for
the dephasing gradients.
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(I)
(II)
Figure 3.5: Passive tracking in De Oliveira et al. [2008]. (I) The biopsy needle is
inserted into the passive marker, which is a cylinder-shaped tube filled with Gd-DPTA.
(II) (a) Two FLASH images are initially acquired along the needle axis to localize
the marker; (b)(c) The position of the marker in the two images is computed by using
POCC (white cross); (d) Real-time trueFISP image showing the estimated biopsy needle
direction (dotted line); (e) Tracking slices are repositioned on the basis of the computed
location.
3.2.1.2 Active markers
Active markers are resonant coils embedded within a device and connected to a
dedicated receiver channel of the MR scanner. A circuit representative of an active
marker is shown in Figure 3.6. MR sequences used in localization of active markers
employ a frequency-encoding gradient only to acquire a single line of k-space. Since
the spatial sensitivity of the micro coil is limited to a small volume, a signal peak is
obtained by Inverse Fourier Transform of the acquired line. The position of a peak
along the projection indicates the position of the miniature coil along that direction.
Localization of one marker in 3D is achieved through acquisitions of an orthogonal set
of three 1D projections [Dumoulin et al., 1993].
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Figure 3.6: Active marker circuit. Cm and Ct are respectively the matching and
tuning capacitors. The PIN-diode is employed in order to create a decoupling circuit
for active-decoupling of the marker in transmission mode.
Active localization is a time-efficient method because only three readouts are needed
for localizing one coil. Multiple active markers may be easily localized as each of them is
connected to a dedicated receiver channel. Incorporating three or more active markers
into an interventional device permits one to determine the position and orientation of
the device within the coordinate system of the MR imaging volume.
Connection of the miniature coil to a receiver channel of the scanner provides also
a means for active detuning during RF excitation, which ensures that markers do not
compromise images. However, potential RF heating due to standing waves along the
conductive cables represents an important issue which has limited the use of active
markers in the clinical environment [Konings et al., 2000]. In addition, cabling introduces
additional complexity in the workflow of the procedure, and challenges in the design of
the devices, especially in the case of miniaturized devices such as biopsy needles and
catheters. Also, localization of three or more markers requires availability of three or
more dedicated channels on the MR scanner in order to connect the miniature coils.
Krieger et al. [2005] and Susil et al. [2006] presented a MRI-guided transrectal biopsy
system which uses localization of three active markers integrated within the needle guide
and connected to three independent channels (Figure 3.7). To determine the location
of the markers, twelve dodecahedally-spaced 1D projections were acquired in about 60
ms. The obtained over-determined linear system was solved by using a Least-Squares
algorithm. Data communication and localization were performed in about 150 ms.
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Figure 3.7: Needle guide presented in Krieger et al. [2005] and Susil et al. [2006]. The
picture shows the imaging coil integrated within the needle guide and the three active
markers for localization of the device. Two miniature coils were integrated within the
needle guide, the third miniature coil is attached to the rotating part for the positioning
stage.
3.2.1.3 Semiactive markers
Semiactive markers are resonant circuits embedded within the device which are not
connected to the scanner. They include a miniature coil which is tuned to the Lar-
mor frequency of the MR scanner and filled with an MR visible material having short
relaxation time T1. Similarly to passive markers, semiactive markers may be localized
by processing of acquired 2D MR images, with the advantage of significantly higher
contrast with respect to the background signal. By applying a fast imaging sequence
with low flip angle, high amplitude signal can be generated from the sample within the
micro coil, due to local amplification of the B1 field, in combination with relatively low
background signal [Burl et al., 1996].
The use of semiactive markers simplifies design and manufacturing of medical de-
vices, especially miniature internal devices, as well as the workflow of the procedure.
Importantly, avoiding multiple conductive structures entering the patient’s body with
the device minimizes the risk of local heating around the device in high-field MRI sys-
tems [Zhang et al., 2001] [Luechinger et al., 2001]. However, semiactive markers might
cause increased local specific absorption rate (SAR) values due to their resonant cou-
pling with the RF field during transmission and hence a passive decoupling method may
be required [ASTM, 2011]. A major challenge in using semiactive markers is to achieve
a sufficient SNR, particularly when the marker is located within the body, as a result of
tissue loading.
Thormer et al. [2012] presented a method for simultaneous localization of semiactive
markers by image processing. 3D localization was performed with the analysis tool pre-
sented in Busse et al. [2007]. The software identifies a marker in an MR image by using
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Least-Squares 2D Gaussian template fitting of the signal profiles in segmented regions
of the acquired slice. Marker and non-marker signal profiles are distinguished on the
basis of SNR and peak shape parameters. 3D localization is performed by identifying
signal profiles in 2D on three orthogonal planes and then matching the computed peaks’
coordinates to a 3D set of points. Update rate was one per second with an accuracy of
1 mm.
Figure 3.8: Localization of multiple semiactive markers in Thormer et al. [2012]. From
the left: semiactive marker consisting of a water-tube, a solenoid and a chip capacitor;
marker MR image and signal profile (TrueFISP, flip angle 0.3, transversal view); setup
for accuracy measurement showing a marker board mounted on a robotic manipulator
(Innomotion).
Similarly to active markers, semiactive RF markers may also be localized using 1D
projections [Flask et al., 2001]. The use of 1D projections lends itself to much faster
high-resolution data acquisition and processing than image processing; however, more
complex algorithms are needed in order to reconstruct the original positions of multiple
wireless markers.
Flask et al. [2001] implemented an algorithm for localization of N semiactive makers
which uses a limited set of five 1D projections in two orthogonal scan planes. Semiactive
markers were made of plastic screws with an internal oil sample and an external resonant
circuit. A radial k-space FISP non-selective sequence was designed with a low-flip-angle
non-selective pulse. N peaks were identified in each 1D projection by means of discrete
differentiation formula and minimum SNR requirement. If any of the N peaks did not
meet the requirement, the entire projection was discarded and a new one acquired in-
stead.
The location of all potential markers were reconstructed in 2D by back projecting
the identified peaks. N2 intersections were selected as reference points on the basis of
the largest distance separating two closest peaks and closest-points sets were generated
around each reference point by searching for the closest intersection points. The cen-
troids of the N densest closest-point sets were used to represent the locations of the N
markers in the plane. Finally, the 3D coordinates were determined by pair-matching of
the points having common coordinate in the two orthogonal planes, a solution which
would arise issues in the case of multiple points with the same coordinate.
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A maximum error of 3 mm was reported for a low-field strength of 0.2 T and the
time needed to acquire a set of data was about 200 ms. Computational time may be
considerably reduced by finding a faster solution than cluster analysis and which does
not reject 1D projections with less than N peaks. The work presented by Flask et al.
[2001] will be the main reference in the localization algorithm proposed in this thesis.
3.3 Receivers for intraoperative prostate imaging
Completion of MRI-guided transrectal prostate biopsy requires tracking of the biopsy
needle overlaid on anatomical MR images of the prostatic area. Also, when the biopsy
needle tip is at about the suspect lesion, tracking should be interleaved with anatomical
imaging, in view of the tissue movements [Tadayyon et al., 2011]. In order to complete
successfully the intervention, high resolution imaging is essential and hence an optimized
receiver is desirable.
The combination of an endorectal balloon RF coil with an external pelvic coil is
the standard for highest quality diagnostic imaging of the prostate (Figure 3.9 (a) and
Figure 3.9 (b)). Endorectal balloon coils are inflatable coils which can be easily inserted
and comfortably placed in proximity of the prostate before inflation [Bloch et al., 2004].
The inflation of the balloon after internal positioning increases the sensitivity and the
mechanical rigidity of the coil, although this alters the coil configuration and therefore
re-tuning and matching in situ are required. Unfortunately, endorectal balloon coils
are unsuitable for MRI prostate biopsy procedure because of the incompatibility of their
design with the requirement of a biopsy needle channel and also because of the significant
restrictions they would pose to the range of movements of an endorectal probe [DeSouza
and Gilderdale, 1996].
Surface rectangular coils which are solid and reusable were proposed by DeSouza
and Gilderdale [1996] as detectors in MRI diagnosis of prostate cancer (Figure 3.9(c)).
Compared to the inflatable coils, they ensure fewer artefacts, less position alteration
and exclude the necessity of external tuning and matching as there is no change in
their configuration. In addition, they are suitable as detectors in MRI prostate biopsy,
as they can be easily incorporated into the head of an endorectal probe containing a
needle channel [Krieger et al., 2011] [Elhawary et al., 2010] [Susil et al., 2006]. While
their sensitivity is lower than the sensitivity of balloon coils, due to acceptable coil sizes
within a probe, they have the advantage of generating fewer artefacts and of higher
rigidity. Also, external tuning and matching are not needed as there is no change in
their configuration. Unfortunately, they have the important disadvantage of restricted
range of movements of the probe, making it difficult to reach targets located in the
peripheral zone of the prostate.
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In order not to limit the range of movements of the endorectal probe, the alternative
of using the pelvic coil alone has been considered by numerous groups [Beyersdorff et al.,
2005] [Engelhard et al., 2006]. This is however not ideal because of the low sensitivity
over the prostatic area. The sensitivity is furthermore reduced by the fact that the back
element of the array is to be positioned higher along the back of the patient than in
diagnostic imaging, in order to give space for insertion of the endorectal probe.
(a) (b)
(c)
Figure 3.9: Receivers for prostate imaging.(a) Endorectal balloon coil, (b) Flexi-
elements and (c) Solid endorectal coil [DeSouza and Gilderdale, 1996].
3.4 Conclusion
The use of MR imaging in prostate biopsy not only yields excellent soft-tissue con-
trast to localize target lesions but can also help in guiding the needle. In addition,
the use of robotic devices to perform the intervention can be valuable to overcome the
spatial constraints within the MR scanner and to align the needle guide with the target
lesion. A limitation common to numerous previously proposed MRI-guided prostate
biopsy systems is that the patient has to be withdrawn from the scanner in order to
Chapter 3. Literature Review 47
perform the biopsy. This means a cumbersome procedure which takes time and limits
the accuracy of the MRI guidance. In terms of visualization software, reviewed systems
provide a 2D display with functionalities such as target selection, distance to the target
and movements required in order to align the needle along a preferred trajectory. These
functionalities may be sufficient to complete the procedure; however, the lack of depth
and dynamic functionalities result in a slow nonintuitive manipulation of the probe.
Several methods for instrument tracking within the MR scanner have been developed
in the last twenty years and research is ongoing towards optimized solutions. A fast
localization method is crucial to minimize inaccuracies due to target and instrument
movements and to enable navigation functionalities. Passive markers offer enhanced
safety and flexibility; however their localization requires time-consuming image process-
ing algorithms, primarily because of the low signal against the background. Active
markers have the advantage of providing high signal against the background noise; how-
ever, they have found limited application in the clinical environment, due to safety
hazards and design considerations. Similar to active markers, semiactive markers may
be localized at a high update rate using 1D projections and a low flip angle, with the
advantage of safety and flexibility; however, so far, only a few efforts have been made to
employ 1D projections for semiactive marker tracking, probably because of the difficulty
in achieving a fast and robust localization concept.
A major challenge in designing an endorectal probe for transrectal prostate biopsy
intervention is the accessibility to the suspected lesions located at the inferior end of the
prostate gland. This is a fundamental issue, as patients with such lesions are considered
by the specialists to be the most important candidates that would benefit from MRI-
guided biopsy. The main cause of this limitation is the use of surface receiver coils placed
within the probe. Endorectal surface coils inevitably restrict the mechanical movements
of the probe because of their diameter and need for stability. In many cases clinicians
use the pelvic array only; however, this does not provide sufficient sensitivity in the
region of interest and tends to obstruct placement of the manipulator and insertion of
the endorectal probe.
Chapter 4
RF markers and 1D projection
analysis
In interventional MRI, RF fiducial markers are employed to locate the medical instru-
ment within the imaging volume. Semiactive markers are normally preferred over active
markers, owing to their higher safety and flexibility; however, localization of semiactive
markers is most often based on time-consuming 2D image processing [Thormer et al.,
2012]. Methods involving 1D projections have so far been poorly explored and faster and
more accurate solutions might be developed [Flask et al., 2001]. In this thesis, a novel
method for localization of N semiactive markers using 1D projections is presented. In
addition, the method may be employed to localize active markers when only one receiver
channel is used.
This Chapter describes the construction of the RF semiactive markers and the MR
sequence which was developed to acquire 1D projections. The algorithm implemented
for detection of the signal peaks along a 1D projection is explained and an analysis of
the peaks’ amplitude and accuracy in various conditions is presented. The suitability of
the constructed markers in the clinical application is also investigated, in terms of safety
and possible artefacts due to coupling of a marker with the transmitter. The results
presented in this Chapter were obtained in a 1.5 T Siemens Avanto MR Scanner (MRI
unit, Royal Mardsen Hospital, London) and in a 2.9 T Siemens Verio MR Scanner (MRI
unit, Hammersmith Hospital, London).
4.1 RF semiactive markers
RF semiactive markers were constructed similarly to Garnov et al. [2011] and Rea
et al. [2009], consisting of 3 mm diameter wireless miniature coils tuned to the Larmor
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frequency of a 2.9 T MR scanner and filled with high 1H density material. The minia-
ture resonant circuit was constructed by hand-winding 6 turns of insulated copper wire
(diameter=0.4 mm) around a 2.0 mm diameter cylindrical former. To allow fine tuning,
small gaps were left between the turns. The resulting solenoid, having an inductance of
about 73 nH, was soldered to two narrow thin copper strips and a non-magnetic chip
capacitance of about 22.7 pF was connected in parallel to produce a resonance in the
region ν = 42.58× 2.9 = 123.5MHz (Equation 2.2).
f =
1
2pi
√
LC
=
1
2pi
√
73× 10−9 · 22.7× 10−12 = 123.64MHz (4.1)
In order to generate MR signal, the solenoid was filled with vinyl plastisol gel material
(vinyl plastisol gel, Spenco Healthcare, Horsham, UK). The solid gel was cut into ap-
proximately a 1.5 mm-sided cube and inserted into the centre of the solenoid. Because
of the loading due to the gel, the resonance frequency generally decreased of about 0.1
MHz.
A Vector Network Analyzer (Anritsu MS 2026A VNA Master) was used to fine tune
the RF marker to 123.5 MHz by using inductively coupled test coils connected to re-
flection and transmission channels, respectively. The miniature coil was gently squeezed
before fixing it and sealing it using superglue. The complete RF marker measured around
3× 3× 8 mm and a sample is shown in Figure 4.1.
(a) (b)
Figure 4.1: Miniature RF wireless marker. (a) Circuit and (b) Constructed marker.
Several RF markers were constructed following this procedure and their properties
are summarized in Table 4.1.
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Table 4.1: RF markers electrical properties. Larmor frequency 123.5MHz.
RF marker 1 2 3 4 5 6
ν(MHz) 123.7 123.2 123.5 123.6 123.2 123.3
Q 120 123 126 125 125 119
The majority of the experiments presented in this thesis were carried out on a 2.9 T
MR scanner due to scanner availability. However, as the MRI-guided transrectal prostate
system was intended to be demonstrated in a 1.5 T Siemens Avanto MR scanner (Royal
Marsden Hospital, Sutton, London, UK), markers for 1.5 T were also constructed. In
this case, a non-magnetic chip capacitance of about 106.8 pF was connected in parallel
to a solenoid to produce a resonance in the region ν = 42.58 × 1.5 = 63.87MHz. The
electrical properties of the RF markers are summarized in Table 4.2. It can be noticed
that the Q-factor for these markers is slightly lower due to the lower resonance frequency.
Table 4.2: RF markers electrical properties. Larmor frequency 63.87MHz.
RF marker 1 2 3 4 5 6
ν(MHz) 63.75 63.85 63.65 63.71 63.80 63.82
Q 97 101 108 95 100 98
4.2 MR sequence
The code of a 2D imaging Gradient Echo sequence (FLASH sequence on Siemens
MR scanners) was modified in order to acquire a predefined set of 1D projections in
space. The image reconstruction pipeline of the MR scanner was programmed to send
the acquired data to the host computer just after Inverse Fourier Transform.
The customized MR sequence includes a number of RF pulses which is equal to the
number of pre-defined 1D projections. In Figure 4.2, selected parts of the sequence
diagram are presented. The two sections shown were implemented to acquire, respec-
tively, a 1D projection along the x axis (Figure 4.2(a)) and a 1D projection along an
oblique line (Figure 4.2(b)). Each RF pulse is followed by a bipolar gradient which is
applied along the direction of projection. A dephaser gradient is also applied in a direc-
tion orthogonal to the projection to reduce the signal from the background. Before the
next RF pulse, spoiler gradients are applied along the three main axis to cancel residual
transverse magnetization. For each 1D projection, TR = 5.6 ms.
The complete set of 1D projections is reported in Table 4.3. This set was chosen
because it maximizes robustness and accuracy in markers localization, as explained in
Section 5.2.1. The complete set of projections is acquired in 72.8 ms.
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The customized MR sequence allows setting of additional parameters from the user
interface of the MR host computer. These are: flip angle of values lower than 1◦, ampli-
tude of the dephaser gradient and time interval in between 1D projections. While the
latter parameter was useful in developing and testing the localization method, the first
two parameters must be adjusted for different magnetic field strengths, for markers with
different electrical properties and for different phantoms or patients.
(a) (b)
Figure 4.2: Sections of the MR sequence. Acquisition of a 1D projection along (1,
0, 0) (a)and along (1, 1, 1) (b). The signal is sampled during the gradient echo,
which is generated by applying a bipolar gradient along the direction of projection.
An orthogonal dephaser gradient ((0, 0, 1) and (1,1,-2) respectively) is also applied in
order to reduce the signal from the background; its amplitude is adjustable from the
user interface. Spoilers are applied before the next pulse in order to eliminate residual
transverse magnetization.
Chapter 4. RF markers and 1D projection analysis 52
Table 4.3: Directions of the acquired 1D projections.
x y z
1 0 0
0 1 0
0 0 1
1 1 1
-1 1 1
1 -1 1
-1 -1 1
1 1 0
1 0 1
0 1 1
1 -1 0
-1 0 1
0 -1 1
4.3 RF signal analysis
4.3.1 Signal amplitude under repeated excitations
In order to correctly detect the signal peaks along a 1D projection, the peaks’ ampli-
tude must be above the background noise. It is well known that the resonating miniature
coil locally amplifies the excitation field [Burl et al., 1996] and that an applied flip angle
α results in an effective flip angle αeff = Qα, where Q is the quality factor of the minia-
ture coil. By applying a low flip angle α, high amplitude signal can thus be generated
from the RF marker, in combination with relatively low background signal.
Simulations were performed in order to investigate the amplitude of the signal peaks,
under multiple excitation, in relation to the background noise, for a varying flip angle
α. Simulations involved derivation of the transverse component of the magnetization
vector at time TE, which is directly proportional to the amplitude of the signal peak.
Similarly to Hargreaves et al. [2001], the magnetization vector was derived as:
MTE = A×Mi +B (4.2)
where Mi is the magnetization vector just before an i -RF pulse, A and B are matri-
ces representing the RF nutation about the x axis, the precession about the z axis and
T1 and T2 relaxation processes of the RF marker. Derivation of Equation 4.2 is shown
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in Appendix A.
The transverse component of the magnetization was computed as magnitude of a vec-
tor whose components are MTEX and MTEY , MTEXY =
√
M2TEX +M
2
TEY
. MTEXY
was simulated for a complete set of 1D projections and for different flip angles α
(T1 = 190ms, T2 = 14ms, TE = 3.5ms, TR = 5.6ms).
Experimental data were also obtained in a 2.9 T MR Siemens Verio scanner. The
marker was placed on top of a 1L water flat phantom and four 1L water bottle phan-
toms were placed in its proximity to generate higher background signal. The signal was
acquired using the body coil. Repeated measurements of a set of 1D projections were
acquired with the marker in a fixed position. The amplitude of a signal peak along a
projection was computed as average amplitude of the signal peaks over repeated mea-
surement.
Figure 4.3 shows the results of simulations and experiments. It can be noticed that
the amplitude of the signal peak approaches the steady state over a set of projections.
This is due to the repetition time TR much lower than the longitudinal relaxation time
T1 [Bernstein et al., 2004]. For higher α, the amplitude appears initially larger; how-
ever, for the subsequent projections, it quickly drops and reaches values similar to the
background signal. For α = 0.2◦, the amplitude shows the highest minimum value. This
was valid for both experiments and simulations and very similar results were obtained
for all the manufactured markers. In addition, the experiments show a noticeable oscil-
lating trend. This was found to be highly repeatable and dependent on the direction of
projection, therefore it was attributed to an asymmetry of the markers.
Importantly, in the clinical environment, the loading due to a person may result in a
decrease in the amplitude of the signal peaks and, consequently, may affect the perfor-
mance of the system. This situation was tested in a 2.9 T MR scanner by placing three
semiactive markers inside the biopsy probe developed within the project (Chapter 6),
which was, in turn, tightly held by a volunteer in between his legs. An overall decrease
in the peaks amplitude was observed; nevertheless, the signal peaks were well above
the background signal and the trend was highly similar to the trend observed with the
previous setup.
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Figure 4.3: RF signal amplitude under multiple excitations. (a)Simulated and (b)
Experimental RF signal for different applied flip angles α. Each point in (b) represents
an average of 20 measurements. For values of α lower than α = 0.8◦, the background
signal did not show any significant increase.
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4.3.2 Peak detection and sub-pixel localization
Inverse Fourier transform of a 1D projection produces a signal with peaks that corre-
spond to the positions of the markers. An example of 1D projection is shown in Figure
4.4. Correct identification of the peaks is essential for the success of the localization
algorithm.
Figure 4.4: 1D projection for three markers in the MR scanner. The direction of
projection is (-1,1,1). The three detected peaks correspond to the location of the RF
markers along the direction.
The presence of background noise in the acquired MR signal makes simple thresh-
olding inadequate for robust peak detection. Following the method suggested by Flask
et al. [2001], peak detection starts with a search through the sequence of values in a
1D projection to identify local maxima using discrete differentiation. The N largest
peaks, with N equal to the number of employed RF markers, are checked against an
experimentally determined threshold equal to 2.5×maximum background noise. The
maximum background noise is computed after removing each of the N peaks and their
adjacent four points on either side. Only the peaks satisfying the threshold are accepted.
In order to achieve higher accuracy in peak detection, the location of a peak is then
corrected by applying an algorithm for sub-pixel peak detection. This was achieved
using Gaussian interpolation, as suggested by Fisher and Naidu [1996]. The Gaussian
interpolation uses signal amplitude value b at the location of the highest signal ampli-
tude, x, and the signal amplitudes a and c at the adjacent positions on the left and on
the right side of it, respectively [Fisher and Naidu, 1996]:
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Xˆ = x− 1
2
ln(c)− ln(a)
ln(a) + ln(c)− 2ln(b) (4.3)
The variation in the location of a peak over repeated acquisitions, with the marker
fixed in the same position, was explored. This analysis was considered necessary for
the subsequent assessment of accuracy and robustness of the localization algorithm and
definition of a tolerance value in removing candidate points, explained in Chapter 5.
Chi-square goodness-of-fit test of the null hypothesis that the deviations of the peak
location are from a normal distribution [Teukolsky et al., 1986] was performed over
repeated acquired 1D projections of a marker using Equation 4.4 [Utts and Heckard,
2006]:
χ2 =
N∑
i=1
(Oi − Ei)2
Ei
(4.4)
where Oi is the observed frequency and Ei is the expected frequency of bin i.
A marker was placed on top of a 1L water flat phantom and at 8 different distances
from the isocentre of the MR scanner, along the x direction and on either side, at
consecutive steps of 10 mm. For each position 20 repeated sets of 1D-projections were
acquired. Peak localization was performed using the sub-pixel peak detection algorithm.
For each projection, the mean position of a peak and the deviations from this value were
computed.
The Chi-square goodness-of-fit test proved that the deviations, over repeated ac-
quisitions, are normally distributed. Figure 4.5 shows the expected and the obtained
distribution for a sample of acquired data. The standard deviation σpeak of the normal
distribution, for the marker at different positions, varied between 0.03 and 0.075 mm.
The test was then repeated for a volunteer in the scanner and a marker placed inside
the biopsy probe, as in Section 4.3.1; in this situation, the standard deviation was 0.08
mm.
On the basis of this analysis, Monte Carlo simulations of the algorithm, reported in
Chapter 5, involved values of σpeak between 0.05 (average value σ¯peak) and 0.08 mm. It
was however recognized that the occurrence of merging of two peaks into a unique peak
may present a different situation. This occurrence was therefore investigated.
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Figure 4.5: Normal distribution of the variation of a peak position. A sample of
expected and observed frequency of variations from (20 measurements)*(13 1D projec-
tions) data is plotted. The expected distribution was given by the expected counts for
each bin given the mean value and the standard deviation of the observed variations.
The standard deviation of the observed distribution was about 0.06 mm.
4.3.3 Peak merging
The signal generated by N RF markers along a 1D projection shows multiple peaks
which correspond to the locations of the markers along the corresponding gradient di-
rection. The number of peaks may be however smaller than the number of RF markers
due to merging of close peaks. Two markers which have the same coordinate along a
gradient direction induce signals at a similar frequency [Zhang et al., 2001]; in this situa-
tion, the normally separate multiple peaks may be at the limit of the spectral resolution
of the system and hence their peaks may merge in some acquisitions and not in others.
This occurrence was investigated in order to optimize the choice of the tolerance in the
localization algorithm.
A situation of two close peaks is illustrated in Figure 4.6, where two projections on
the same direction were acquired while the markers were static. In Figure 4.6(a) two
high intensity peaks are evident while in Figure 4.6(b) these peaks have merged into
one. It was found that peak merging may happen when peaks are within 2 pixels from
one another and that the position of the peak is not affected by merging. In order to
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accommodate peak merging, the tolerance was automatically enlarged to two pixels size
whenever fewer than N peaks were detected.
(a)
(b)
Figure 4.6: Identification of close peaks. (a) Two distinct peaks detected and (b)
Single peak detected.
4.3.4 Orientation to the main field
Orientation of the marker to the main field is an important factor to be considered
when designing interventional instruments [Burl et al., 1996] [Schenck, 1996]. The signal
generated by a marker is the highest when its axis is perpendicular to the main field
and reduces as the angle decreases. This is due to the fact that the coupling of the
solenoid to the transmit field, and therefore the amplification of the excitation field in
its proximity, depends on the orientation of the solenoid; an adverse orientation results
into induced signal loss [Garnov et al., 2011]. At some angles, the amplitude of the
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signal may be comparable with the background signal and hence peak detection may
become unreliable. This was investigated experimentally using a custom made rotary
holder to position the marker at various measured angles to the main field.
A marker was placed at the isocentre on top of a 1L water flat phantom and rotated
in steps of 10◦ in the XZ plane. At each step, 20 measurements were acquired and the
average amplitude of a peak was calculated and compared to the background signal, as
shown in Figure 4.7. For angles up to 50◦ peaks were always correctly detected for all
the projections. At 60◦ the amplitude of the peak was comparable with the amplitude
of the background signal and the peak was correctly detected in about 60% of the cases.
The standard deviation in peak location was estimated below 0.07 mm for angles up to
60◦.
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Figure 4.7: Signal amplitude at different angles to the main field. The amplitude of
a peak decreases for increasing angles. For angles higher than 50◦ the detection starts
to be not consistent.
Accuracy in localizing a marker was also assessed when a marker was rotated in the
XY plane, as shown in Figure 4.8. A marker was mounted on a custom-made rotary
holder, placed beside a 1L water flat phantom. The marker was rotated through 5
positions in the range 0◦−90◦ and scanned 20 times in each position. A circle was fitted
to the resulting 100 points and the distances of the estimated positions from it were
calculated.
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For the fitted circle goodness of fit was computed as [Utts and Heckard, 2006]:
R2 = 1−
∑n
i=1(yi − fi)2
(yi − yavg)2 (4.5)
where fi is the predicted value from the fit and yavg is the mean of the observed data
yi. The computed value R
2 = 0.9979 proves good fitting.
Figure 4.8: Marker rotation in XY plane about a fixed centre and fitted circle. Each
position is given by 20 points.
4.4 Suitability in interventional MRI
4.4.1 RF markers heating
The potential local heating due to electromagnetic coupling is an important issue to
be considered when using RF markers in the clinical environment [Garnov et al., 2011].
Tests were performed in order to verify the temperature rise due to marker heating.
An optic fibre thermometer (Luxtron 812, LumaSense) with accuracy 0.1◦C was used.
Similarly to Garnov et al. [2011], the optic fibre sensor was taped directly on the marker,
as shown in Figure 4.9. The marker was placed on top of a 1L water flat phantom and
the test was performed in a 1.5 T MR Siemens scanner. The temperature was recorded
over 11 minutes, with no RF excitation during the first minute (base line) and RF
excitation during the subsequent 10 minutes. The test was performed for a T2-weighted
Turbo Spin Echo (TSE) sequence (SAR = 0.7W/kg as reported by the MR scanner),
which is the imaging sequence routinely used for prostate imaging, and for the tracking
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sequence (SAR < 0.001W/kg). The parameters of the TSE sequence were set according
to the protocol for prostate imaging at Royal Marsden Hospital (Sutton, London, UK)
and they are reported in Table 4.4. The room temperature was equal to 19± 0.1 C.
Figure 4.9: Setup to measure the marker heating. The optic fibre sensor was taped
on top of the microcoil at about its centre.
Table 4.4: Parameters of the sequence Turbo Spin Echo.
TR (ms) 3670
TE (ms) 121
Flip angle (◦) 137
Slice thickness (mm) 3
Distance factor (%) 10
Base resolution 320
Phase resolution (%) 70
Turbo factor 23
Results are shown in Figure 4.10. The dashed vertical line indicates the start of the
RF excitation. The two plots are independent from one another and temperature values
must be independently interpreted. It can be observed that for the tracking sequence
the temperature drops of about 0.2 C, indicating cooling of the marker towards the
scanner room temperature. For the imaging sequence a temperature rise of about 0.2 C
at about 360 sec can be observed. The temperature again decreases to the initial values
at 600 sec, which indicates that the rise was probably due to a variation in the scanner
room temperature.
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Figure 4.10: Local heating of the RF markers. The temperature was measured for
tracking and imaging sequences. Sampling time was 1 sec.
4.4.2 Image artefacts
Coupling between markers and the transmitter may cause over-excitation not only
of the material within the marker coil but also of signal sources that are in proximity
to the solenoid. As a result, anatomical images may present artefacts in the region
of the marker. The spatial extent of the perturbation of the local magnetization was
investigated.
A marker was placed inside a biopsy probe of diameter 15 mm which was, in turn,
immersed into a bath of water. Slices were acquired using T2-weighted TSE sequence
as by prostate imaging protocol without and with the marker inside the probe. Results
are shown in Figure 4.11. An artefact can be clearly noticed in Figure 4.11 (b). The
artefact radius was estimated about 25 mm from the centre of the marker.
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(a) (b)
Figure 4.11: Artefact generated by a marker in the images. (a) Transversal slice
acquired with no marker and (b) Transversal slice acquired after placing a marker
inside the probe.
4.5 Discussion and conclusions
This Chapter described the RF semiactive markers which were constructed for local-
ization of the instrument within the MR scanner. The dimension and flexibility of the
markers make them particularly suitable for MRI-guided interventions involving the use
of small devices, such as biopsy needle guide. The Gradient Echo sequence which was
modified to acquire a set of 1D projections was illustrated. The sequence comprises 13
pre-defined 1D projections and each 1D projection takes about 5.6 ms.
An analysis of the acquired 1D signal, involving both simulations and experiments,
was presented. It was found that at 2.9 T the MR signal is maximized when a flip angle
of about 0.2◦ is applied. This value may change for different field strengths and Q-factor;
for this reason, it is important that all RF markers that are tracked simultaneously (e.g.
during instrument tracking) have similar electrical properties.
Peak detection along a 1D projection was performed using a discrete differentia-
tion formula and by applying an experimentally defined threshold. In order to achieve
sub-pixel accuracy Gaussian interpolation was implemented. The variation in the peak
position over repeated measurements due to noise was investigated for both a phantom
and a person in the MR scanner. In the second situation, higher variation in the peak
position was observed. This analysis was essential to assess the localization accuracy
and define the tolerance value in the tracking algorithm, as later explained in Chapter
5. For a similar reason, the occurrence of peak merging when two markers are close to
each other was explored.
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all Analysis of the signal peaks for different orientations of a marker to the main field
in the XZ plane showed reliability of peak detection for angles up to about 60◦. Relia-
bility for any angle with respect to the z axis in the XY plane was also demonstrated.
Suitability of the markers in the clinical environment was assessed in terms of marker
heating and artefact in the anatomical images. Temperature tests were performed for
both tracking and imaging sequence and were proved to show a temperature rise within
1 C, which was considered acceptable by the clinical staff. Artefacts generated by a
marker on anatomical images had a spatial extent of about 25 mm from the marker
centre when a T2-weighted TSE sequence is used. For the specific application and probe
design (Chapter 6), this was considered acceptable by radiographers involved in the
project (Royal Marsden Hospital, Sutton, London, UK). In general, artefacts may be
minimized by employing a decoupling method, e.g. crossed diodes; however, decoupling
would also reduce the signal generated by the marker itself, with consequent low contrast
of the signal peak against the background. Another solution might be relocating the
marker so that the artefact radius does not extend over the region of interest.
Chapter 5
Localization of N RF markers
from 1D projections
Localization of RF fiducial markers within the MR scanner using 1D projections re-
quires an algorithm for reconstruction of the coordinates from the signal peaks. Flask
et al. [2001] proposed a method for localizing N semiactive markers in 3D using 1D pro-
jections in two orthogonal planes and cluster analysis. Their algorithm requires at least
five 1D projections per plane; however, projections with less than N peaks are rejected,
so new projections need to be acquired, with a consequent delay in acquisition. Krieger
et al. [2007] proposed a method for tracking three active markers in 3D using 12 1D
projections and Least-Squares algorithm. The computational time was reported to be
50 ms and the acquisition time 60 ms. It was recognized that a higher update rate could
be achieved by developing a localization method which avoids the complexity of cluster
analysis, while higher accuracy could be attained by using an optimal, pre-defined set
of 1D projections and by improving the peak detection function.
In this Chapter, a novel algorithm for localization of N markers using 1D projections
is proposed. The method may be applied to localize either semiactive or active markers,
when only one receiver channel is used. More than three markers may be employed in
order to improve the localization accuracy. Performance has been characterized through
Monte Carlo simulations and experimental studies. Monte Carlo simulations were im-
plemented on the basis of the characteristics of the signal presented in Chapter 4; the
experiments were performed in a 2.9 T Siemens Verio MR scanner, involving an MR-
compatible moving platform, the constructed RF semiactive markers and the customized
tracking sequence.
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5.1 Problem statement
N markers generate N or fewer peaks along a 1D projection. The problem is to
compute the 3D coordinates of N markers within a volume by using n 1D-projections.
In 3D, each marker position is defined by the intersection of three planes. Three
planes whose normals are not co-planar intersect at a point P [Glassner, 1998]:
P =
p1(N2 ×N3) + p2(N3 ×N1) + p3(N1 ×N2)
det(N1, N2, N3)
(5.1)
where Nk, (k = 1, 2, 3), is the direction of a projection and pk is the position of the
peak along this direction.
Each detected peak defines a plane perpendicular to the corresponding projection
direction (i.e. it defines one unpaired coordinate of the markers). In general, three
1D projections of N points define 3N planes which intersect at N3 points; as a result
(N3 − N) points are fictitious and must be discarded. This can be done by using
additional projections, as shown in Figure 5.1.
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(a)
(b) (c)
Figure 5.1: The algorithm for N =2 markers. N3 = 8 intersection points are computed
as candidates (a); by using a fourth projection 4 fictitious points are eliminated (b) and
by using a fifth projection (c) only the true points are left.
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5.2 Algorithm
The method for localizing N markers consists of four main steps, which are summa-
rized below and further details are provided in the subsequent sections.
1. The process starts with the acquisition of a predefined set of 1D projections, in-
volving excitation of the whole imaging volume. The number and directions of
these 1D projections have been optimized, as presented below.
2. Peak detection is performed for each projection; the position of each peak is then
determined with sub-pixel resolution (Figure 5.1a) as explained in Chapter 4.
3. Three projections are selected as reference projections, from which N3 candidate
marker positions are calculated (Figure 5.1a). The selection of the reference pro-
jections is explained below. The remaining projections are sorted according to the
decreasing minimal distance between the peaks they contain. Projections with
fewer than N peaks are placed at the bottom of the list and used last. In this way
projections that may lose a peak have lower probability of being used and affecting
the result. Note that projections with a smaller number of peaks due to merging
of the peaks will not eliminate any of the correct points.
4. The fictitious (N3 − N) candidates are removed by using test projections. For
each test projection, the projected value of each candidate point is calculated and
the distances between this and the identified peak locations are computed (Figure
5.1(b), Figure 5.1(c)). The candidate point is removed if the minimum computed
distance is larger than a tolerance . If the number of computed points is different
from the known number of markers, then the entire solution is discarded.
5.2.1 Choice of the directions of 1D projection
Each computed peak location pk has an error ∆pk associated with the measurement.
The errors ∆pk result in an error ∆P in the computed point P, thus:
P = P0 + ∆P (5.2)
where P0 is the true position of the marker. It follows from Equation 5.2 that:
∆P =
∆p1(N2×N3) + ∆p2(N3 ×N1) + ∆p3(N1 ×N2)
det(N1, N2, N3)
(5.3)
The error ∆P may be minimized by maximizing det(N1, N2, N3). This is achieved
by maximizing the minimum angle between any two directions. In other words, the
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projection directions should be regularly distributed in space. The direction candidates
were taken from the well-known concept of voxel topological neighborhood [Toriwaki
and Yoshida, 2009]. This is illustrated in Figure 5.2 for 6-neighbourhood of a voxel,
which defines 3 regularly distributed projection lines. Similarly, 18-neighbourhood and
26-neighbourhood define, respectively, 9 and 13 regularly distributed projection lines.
Figure 5.2: 6-neighbourhood of a voxel in 3D. A voxel is connected to the 6 surround-
ing voxels which have a face in common. The vectors connecting the central voxel to
the neighbours define three directions.
The number of needed directions is an important issue. The aim was not to modify
the tracking sequence during execution as this may compromise the high update rate of
the localization method. Simulations were performed in order to test the performance of
the algorithm in relation to the number of projections. As a result, 13 projections were
acquired and their directions defined in accordance with the 26-neighbourhood. These
are the directions that were anticipated in Chapter 4, Section 4.3.
5.2.2 Definition of the reference projections
Following the acquisition, peak detection and peak localization, three reference pro-
jections need to be selected from the acquired set. For the case of 13 acquired projections
there are 13!/(13-3)!3!=286 subsets of three directions Ni, Nj , Nk. The subsets are or-
dered according to the decreasing value of the determinant det(Ni, Nj , Nk). The first
subset with N distinct peaks and a minimum distance between two peaks greater than a
prescribed value d is selected as the reference subset. The latter condition ensures that
the candidate points are well scattered in the volume and therefore that the correspond-
ing computed projected values are well distributed along a projection direction, which
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improves the success rate in the subsequent removal of fictitious points. The value of d
was set to be higher than the tolerance value  used in removal of fictitious points.
5.2.3 Definition of the tolerance 
If there was no noise and peaks in the reference and test directions were perfectly
detected, no tolerance would be needed and the candidate point would be removed if
its projection onto a test direction does not coincide with any peak detected in this
test direction. However, because there are errors in peak detection, the projections of
the candidate points do not coincide with the corresponding detected peaks. In order
to solve this issue, a tolerance  is used as follows: the candidate point is removed if
the computed distance is larger than a tolerance  or in other words if the projected
candidate does not have an identified peak in its vicinity.
Optimizing the value of the tolerance  in removal of fictitious points is an important
but complex problem to address. Too small a value for  will remove too many candidate
points whereas a too large  will keep some fictitious points in. The experiments, as well
as the simulations, indicated that the main factors to be considered when determining
the tolerance value are the stochastic nature of the peak position and the issue related
to the identification of the peaks that are very close to each other.
The aim was to have less than one in a million unsolved situations. It is well known
that for a stochastic variable belonging to Gaussian distribution, the probability that a
deviation lies in the range µ− 5σ and µ+ 5σ is 0.9999994 [Utts and Heckard, 2006]. As
two independent events, namely, projection onto reference directions and projection onto
test directions, are used for the removal of fictitious points, the tolerance needs to be
10σ. Taking into account that each candidate point is computed from 3 measurements
(1 in each of 3 reference directions) this tolerance value needs to be multiplied by
√
3.
As a result, the tolerance value was set equal to 10 · σ · √3 = 10 · 0.08 · 1.73 = 1.4 mm.
However, the tolerance may need to be differently defined when the two peaks are
close to each other. In Chapter 4, Section 4.3.3, it is shown that peak merging may
occur when peaks are within two pixels from one another and that the position of the
identified peak is not affected by the merging. In order to accommodate peak merging,
the tolerance was automatically enlarged to two pixels size whenever fewer than N peaks
are detected. In this way, merged peaks were represented by the identified one. This
solution did not affect the accuracy or robustness of the localization method.
It is well known that positional errors may result from resonance offset errors, such as
when the markers are in a region of inhomogeneous field near the edges of the imaging
volume, or in regions with magnetic distortions caused by differences in magnetic sus-
ceptibility. This positional error may affect the accuracy and robustness of the method.
The distance between the projected values of candidate points may be further from the
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corresponding peaks detected in test projections than the tolerance. If this occurs some
of the correct points may be wrongly removed. One way to remedy this problem is to
increase the tolerance.
5.3 Performance assessment
5.3.1 Monte Carlo simulations
Monte Carlo simulations were performed in order to establish the required number
of projections, assess the accuracy of the 3D localization and estimate the computing
time. The simulations involved generation of N = 3, 4, 5, 6 random marker positions in
3D, with the only condition that they are at least 30 mm apart, in view of a realistic
placement of the markers on a device. The N points were projected onto all directions
of a set of 1D projections and a deviation, from a Gaussian distribution, was added to
each projected value. These values provided the input for the tracking algorithm which
computed the markers’ coordinates.
5.3.1.1 Robustness and Accuracy
The robustness of the proposed method was expressed in terms of a percentage of
successful localizations of N markers in a set of experiments. Table 5.1 summarizes the
results of 106 simulations of N points, with N = 3, 4, 5, 6. The number of 1D projec-
tions was increased from 5 up to 13. These results show that robustness is improved
with an increased number of projections and that more projections are needed with an
increased number of markers. In all simulated cases the variation in peak localization
was Gaussian, with σpeak = 0.08mm, in accordance with signal peak analysis in Chapter
4.
Table 5.1: Robustness of the algorithm. Successfully reconstructed points (%).
5 proj 7 proj 10 proj 13 proj
3 points 95.40 99.99 100.00 100.00
4 points 86.00 99.94 99.998 100.00
5 points 70.00 99.83 99.994 99.999
6 points 51.00 99.40 99.98 99.999
However, the results in Table 5.1 should be considered in relation to the accuracy
results in Figure 5.3(a), showing the variation of the maximum error as a function of
the number of projections. Two aspects can be observed. First, although the algorithm
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robustness may be already high, the maximum error may be significantly reduced by
increasing the number of projections and this is particularly evident for N > 3 markers.
Second, in all cases the results appear to converge at n = 13, leading to the conclusion
that using 13 projections is an optimal choice.
Figure 5.3(b) shows the dependence of maximum localization error as a function of
σpeak and the number of projections, clearly demonstrating the importance of accurate
peak localization.
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(a)
(b)
Figure 5.3: Accuracy of the localization method. (a) Maximum error forN = 3, 4, 5, 6.
Maximum error(mm) in 106 simulations as a function of the number of projections, up
to 6 markers,σpeak = 0.05mm. (b) Maximum error for N = 3. Maximum error(mm) in
3D localisation of N = 3 markers and increasing σpeak.
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5.3.1.2 Computational time
Figure 5.4 shows the measured computational time of the algorithm implemented in
MatLab, running on a Windows PC (i7 processor, 2.13 GHz, 64-bit) as a function of the
number of markers N and the number of projections, showing that computation for 6
markers using full 13 projections is achieved in less than 2.5 ms. The increase in time
with the number of projections is insignificant.
Figure 5.4: Computational time. The graph shows the computational time for N=3,
4, 5, 6 when 10 and 13 projections are used.
5.3.2 Experimental accuracy assessment
The accuracy of the tracking method was assessed in a 2.9 T MR scanner under
static and dynamic conditions. To this end a 2 degree-of-freedom, pneumatic, remotely
controlled, MR-compatible platform was employed. The platform was developed within
the research group and it is shown in Figure 5.5(a). Position measurements were provided
by built-in incremental, linear optical encoders with verified accuracy 0.025 mm.
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(a) (b)
Figure 5.5: MRI-compatible two degree of freedom platform.(a) Platform and (b) Set
up in the MR scanner. The two translational movements are actuated pneumatically
and controlled by a microcontroller and piezo-valves situated outside the magnet room.
A marker was fixed on the moving arm of the platform, which in turn was placed
on top of a 1L water flat phantom, as shown in Figure 5.5(b). The platform axes were
aligned with the scanner axes and the marker was placed at the isocentre by means of
the laser crosshair of the scanner. Translations were performed in 10 mm steps along
the x and z axes in the range ±40mm. The position was measured by the platform’s
optical encoders and recorded at each step, while the marker was scanned 20 times and
each position was calculated by the proposed algorithm.
First, standard and maximum deviations of the computed positions from their corre-
sponding means were calculated. This gave an initial estimation of the position accuracy
of the tracking method. Then, the error in localization of the marker was calculated
as the difference between the distances computed using the marker tracking and those
measured using the optical encoders.
The use of the actuated platform also allowed the assessment of the dynamic tracking
accuracy. Dynamic tests involved moving a marker along predefined trajectories in the
x and z directions at various speeds, while simultaneously recording both the encoder
positions and the measured marker positions.
5.3.2.1 Static tests
Table 5.2 shows an analysis of the positional error computed by applying the al-
gorithm to the 20 sets of 1D projections of a marker at different locations within the
scanner. Standard deviation was computed for each coordinate as well as for the 3D
distance from each point to the mean point. The standard deviation is lower than 0.06
mm and the maximum error is smaller than 0.21 mm for all three coordinates.
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Table 5.2: Positional error.
x y z 3D
Standard deviation (mm) 0.024 0.040 0.058 0.037
Maximum error (mm) 0.105 0.090 0.148 0.208
Figure 5.6 shows a representative subset of the distance errors. These were computed
as the difference between translation distances calculated using marker tracking and
those measured using optical encoders. Error contribution due to an imperfect alignment
of the platform with the scanner axes was assumed to be negligible. The corresponding
statistics for independent translations in the x and z directions are presented in Table
5.3. The average translational error was 0.056 mm while the maximum error was smaller
than 0.3 mm. These experiments indicate that sub-millimeter accuracy in tracking can
be achieved using the proposed method.
It can also be observed that the standard deviation of the distance error is larger than
that of the positional error shown in Table 5.2. This is in agreement with the theory
which states that, for independent random variables x and y the variance of their sum
or of their difference is the sum of individual variances, i.e. σ2(x+y) = σ
2
(x−y) = σ
2
x + σ
2
y
[Utts and Heckard, 2006].
Figure 5.6: Distance error for a subset of 140 measurements along x. Each point is
computed as the difference between the steps in x calculated with marker tracking and
those measured with optical encoders.
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Table 5.3: Distance error statistic: mean error, standard deviation and maximum
error. The analysis was performed along x and z directions.
x translation (mm) z translation (mm)
Mean error (mm) 0.049 -0.063
Standard Deviation (mm) 0.098 0.168
Maximum error (mm) 0.216 0.283
5.3.2.2 Dynamic tests
Figure 5.7 shows the results of dynamic tests, involving controlled movement of the
platform carrying the marker at different speeds. While the platform was moving, sets of
13 1D projections were repeatedly acquired at regular intervals of 500 ms. The instanta-
neous position was measured by the encoders after the acquisition of the 6thprojection,
in order to reduce the time delay between the locations obtained in the two ways.
Table 5.4 shows the mean and maximum error at the different speeds of the platform.
The reported speed is the maximum speed achieved using the s-shaped velocity profile
and was controlled by the platform controller. At 40 mm/s the error is lower than 1
mm; at higher speeds, the error increases up to a few mm. This increase in error was
attributed to the movement of the marker during acquisition of a set of 1D projections.
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Figure 5.7: Dynamic tracking at different speeds. The plots show the position of a
marker measured by the encoders and computed by the proposed method.
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Table 5.4: Distance error for increasing speed.
40mm/s 60mm/s 120mm/s
Mean error (mm) 0.39 1.17 3.07
Maximum error (mm) 0.72 3.65 7.81
5.4 Comparison with previously proposed methods
The performance of the proposed localization method was compared in terms of
accuracy and time with the previously reported method by Flask et al. [2001]. In order
to compare adequately the two methods, Flask et al. [2001] method was implemented
in MatLab and run on the same computer as the proposed one.
It can be seen in Table 5.5 that the proposed method achieves a comparable standard
deviation but a smaller maximum error. This can be attributed to the fact that the
algorithm presented in Flask et al. [2001] uses clustering and averages all valid projections
to calculate the result, while the proposed one uses only those projections that were
found to be optimal. Importantly, avoiding cluster analysis dramatically reduces the
computational time of the algorithm. This was particularly evident when 6 markers
were tracked, in which case a reduction of 100 ms was obtained, as shown in Figure 5.8.
In addition, by acquiring a pre-defined set of optimal 1D projections, the acquisition
time was drastically reduced and thereby the total updating time, as reported in Table
5.5. Furthermore, the proposed method eliminates the problem inherent in Flask et al.
[2001] algorithm, which occurs when two markers have similar coordinates along the
common axis of the two orthogonal scans.
Table 5.5: Comparison between Flask et al. [2001] and the proposed method, for
N = 3 markers. Statistics for 106 simulations.
StDev(mm) MaxError(mm) Comp.Time(ms) Update Time(ms)
Flask et al. [2001] 0.048 0.342 16 200
Proposed method 0.054 0.279 0.9 73.71
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Figure 5.8: Computational time. Comparison between the proposed algorithm and
the one presented in Flask et al. [2001].
5.5 Discussion and conclusions
This Chapter presented the algorithm developed for localization of N markers in
3D from a set of 1D projections. The complexity of the post processing algorithm
was significantly reduced by avoiding cluster analysis [Flask et al., 2001], while higher
accuracy was achieved by applying Gaussian interpolation in peak detection and using
an optimal set of projections to compute the points. The algorithm does not reject
projections with coincident peaks, which results in a reduced scan time, while the number
of projections may be traded against robustness and accuracy for optimized results in a
specific situation.
By using more than three markers, higher accuracy in localizing an instrument can
be achieved with no compromise in update rate. Computational time of up to 6 markers
required less than 2 ms. An update rate of 10 Hz was achieved with localization error
lower than 0.3 mm. The reliability of the method in dynamic situations, when the
markers are moving, was demonstrated and resulted in a maximum error equal to 0.7
mm for speeds anticipated during interventional procedures.
5.5.1 Failure scenarios
In the course of this work it was found that the proposed localization method may
fail in two situations:
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• a peak was detected which does not correspond to any of the markers;
• a peak from some marker was not detected (which is a different situation than
peak merging).
The first situation was solved by introducing a threshold in the detection of the peaks
and by checking the level of signal gainst the background for each of the detected peaks.
The likelihood of occurrence of the second situation and its impact were minimized as
follows:
• The projections used for removal of fictitious points are ordered in such a way that
projections having less than N peaks are used last. In this way projections that
may lose a peak have lower probability of being used and affecting the result. Note
that projections with a smaller number of peaks due to merging of the peaks will
not eliminate any of the correct points.
• If the number of computed points is different from the known number of markers,
then the entire solution is discarded.
Chapter 6
Tracking in MRI-guided
transrectal prostate biopsy
The proposed localization method was employed for tracking the endorectal probe
which serves as guide for the biopsy needle in the MRI-guided prostate biopsy procedure.
With this scope, three RF semiactive markers were embedded within the probe in a
known geometrical configuration. At each location update, the measured markers were
assigned to the nominal markers in a probe model. Then, Least-Squares method was
employed in order to best-fit the probe model to the measured one. The obtained
transformation matrix was subsequently used to compute the biopsy needle direction
and needle tip in the MR scanner frame.
This Chapter begins describing the overall MRI-guided prostate biopsy system and
its components. Tracking of the endorectal biopsy probe using the proposed method is
then explained. Accuracy in computing the needle tip is then assessed through Monte
Carlo simulations and experiments in the MR scanner. Finally, accuracy of the needle
tip location using more than three markers is explored.
6.1 System layout
Figure 6.1 shows the prostate biopsy system integrated with the MRI environment.
The system includes an MR-compatible prostate biopsy manipulator for positioning the
biopsy needle guide, a navigation workstation which hosts the tracking and visualization
software, and a shielded monitor for image-based guidance of the probe.
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Figure 6.1: The main hardware components of the MRI-guided prostate biopsy sys-
tem are represented.
6.1.1 Manipulator design
An MRI-compatible manipulator was developed within the project to position the en-
dorectal biopsy probe [Lambert et al., 2012]. The manipulator, shown in Figure 6.2, was
designed for a conventional high field closed-bore scanner and for a patient in the prone
position. The constrained access to the patient within the magnet bore was addressed
by using remote actuation, involving mechanical transmission via phosphor-bronze flex-
ible shafts. High rigidity and stability of the manipulator were achieved by employing
a detachable base plate to be positioned in between the legs of the patient. In order to
maintain material compatibility with MRI, the manipulator was manufactured entirely
from plastic, except from the bronze shafts; however, these were situated sufficiently far
away from the imaging volume and did not produce any visible artifact.
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(a)
(b)
Figure 6.2: MRI-compatible manipulator for transrectal prostate biopsy. The ma-
nipulator is used to position an endorectal probe which serves as guide for the biopsy
needle. The procedure is performed inside a closed-bore MR scanner and with the
patient in the prone position.
The kinematics of the manipulator was designed to fulfill two requirements. The first
was to maintain the fiducial markers perpendicular to the main field at any pose of the
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probe, maximizing the peak amplitudes during tracking. The second was to enable the
required range of probe movements.
In order to establish the required range of movements during the procedure an ex-
perimental investigation involving a conventional ultrasound probe was performed on
volunteer patients. A six degree of freedom 3D digitiser (MicroScribe) was employed as
the measuring device. Suitable end-effector adapters were designed and made in order
to attach the standard ultrasound transrectal probe to the digitiser. This provided a
position measuring system for the transrectal probe that was suitable for use during
the standard procedure. The equipment was installed in the interventional facility at
Royal Marsden hospital (Sutton, London, UK). The experimental trials involved a total
of 4 volunteer patients undergoing the prostate biopsy procedure. In each case a PC
computer was used to provide continuous monitoring of the probe position and orienta-
tion with a conveniently high sampling rate, recording thousands of readings. The data
generated in this way was subsequently analysed in 3D using MatLab. The analysis
indicated that the probe rotates in the coronal plane and about the y axis by an angle
in the range ±25◦, and in the sagittal plane and about the x axis by an angle in the
range 30◦ − 80◦. This led to the design of a manipulator which supports two rotational
(pitch, jaw) and one translational (insertion) degrees of freedom.
The manipulator mechanism is shown in Figure 6.3. The three degrees of freedom are
supported by a remote-centre-of-motion parallelogram mechanism. The remote-centre
was designed to be positioned at the anus in order to minimize tissue deformation and
maximize patient comfort. Importantly, the mechanism is such that the fiducial markers
are kept perpendicular to the main field at any pose of the probe.
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Figure 6.3: Manipulator mechanism. The parallelogram mechanism supports two
rotational and one translational degrees of freedom and maintains the markers perpen-
dicular to the main field at any pose of the probe.
6.1.2 Endorectal biopsy probe
Figure 6.4 shows the design of the endorectal biopsy probe. The probe is detachable
from the manipulator by means of a locking mechanism. This allows for initial insertion
and positioning of the probe into the rectum so that the remote-centre can be easily
aligned with the anus of the patient.
The proposed localization method was employed to compute position and orientation
of the probe within the MR scanner frame. Figure 6.4 shows the geometrical config-
uration of the three markers which were incorporated within the probe. In order to
maximize the accuracy of the needle tip location, one of the markers was positioned
as close to the probe tip as possible and all markers were placed reasonably far apart
[Shamir et al., 2012]. Localization of the probe using the measured markers coordinates
is explained in Section 6.2.
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Figure 6.4: Endorectal biopsy probe. a) Configuration of three markers within the
probe. The markers positions are labelled as A, B, and C. The needle channel is parallel
to the segment CB and coaxial with the probe. l is the needle length after firing. The
probe diameter is about 16 mm.
6.1.3 Biopsy needle
A limitation common to numerous systems previously proposed is that the patient
has to be withdrawn from the scanner to perform the biopsy. This means a cumbersome
procedure which takes time and limits the accuracy of the MR guidance. The main
cause of this limitation is the use of rigid biopsy needles having a handle containing the
firing mechanism. This does not allow biopsies to be performed inside the limited space
of conventional close-bore MR scanners.
To solve this problem, an MR-compatible flexible needle was employed, which can be
bent to avoid interference with the inner wall of the magnet. The needle was supplied by
InVivo Germany GmbH, Schwerin, Germany. This was a longer version of a standard
biopsy needle, such that it can be used with the manipulator and the patient remaining
in the scanner. An elongated handle for insertion of the biopsy gun into the manipulator
was designed. The needle delivery mechanism allows for the needle to be advanced into
the tissue prior to firing. This initial puncture prevents unwanted tissue deformation and
needle deflection to give better accuracy. Experiments showed that the spring-loaded
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mechanism can achieve a sufficient firing speed for the bending radii anticipated in the
procedure.
6.1.4 Navigation workstation
The tracking and visualization software were implemented on an external PC (navi-
gation workstation). The complete software was written in MatLab and was tested on
both Windows and Linux platforms. The navigation workstation was located in the
control room and connected to the MR scanner via a local Ethernet network in order to
receive MR images and 1D projections. Visual feedback was provided to the clinician in
the scanner room by connecting the navigation workstation to a shielded monitor situ-
ated in the scanner room, via VGA interface. The clinician in the scanner room and the
workstation operator (radiographer) in the control room communicated via microphones
and speakers.
The functionalities of the navigation software may be summarized as follows:
• 3D visualization of the acquired MR images;
• Real-time acquisition of the 1D projections and computation of the RF markers’
coordinates;
• Localization and visualization of the instrument within the imaging volume;
• Target selection;
• Tracking of the instrument to the selected target;
• Suggestion for optimal movements.
In order to send MR images from the MR scanner to the navigation workstation, the
image-sending functionality of the MR scanner was switched on by using the Siemens
ideacmdtool on the host computer. The ideacmdtool provides means for setting host-
name, port and drive, while the directory of destination was mapped via the Map Net-
work Driver tool. User Datagram Protocol (UDP) connection was used in the navigation
workstation in order to receive 1D projections in real-time from the MR scanner.
6.1.5 Intervention Workflow
The workflow of the intervention, which is the result of extensive consultations with
clinicians, may be outlined as follows:
1. The patient is positioned on the table in the prone position and the endorectal
probe is introduced into the rectum. The remote-centre is aligned with the anus. In
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order to minimize positional errors introduced by field inhomogeneity, the isocentre
is set as close to the prostate as possible.
2. The manipulator is attached to the probe and then secured to the table of the
scanner with an adjustable support, to accommodate the patient.
3. The scanner table is moved into the magnet. Images of the anatomy are acquired
using T2-weighted Turbo Spin Echo Sequence and sent to the navigation worksta-
tion.
4. The navigation software determines the position of the remote centre of motion of
the mechanism in scanner coordinates, for subsequent use by the graphical user
interface.
5. Using the graphical user interface, the clinician interactively selects the lesion to
be targeted. The navigation program computes and displays the ideal location of
the probe and needle to carry out the biopsy.
6. In this step the targeting starts. In a streaming mode, the scanner sends the IFT
data (1D projections) to the navigation workstation while the clinician remotely
controls the manipulator. Calculation of the probe location is performed in real-
time and visualized as overlay on the MR images.
7. When sufficiently accurate targeting is achieved, confirmation images are acquired
to verify if the target has moved. In the case the target has moved the procedure
is repeated starting from Step 5. Otherwise, the biopsy needle is released and the
procedure continues with Step 8.
8. After the sample is collected additional confirmation images are acquired and the
table is moved out of the magnet, the endorectal probe is detached from the
manipulator and removed from the patient, and the patient is unsecured from the
table.
6.2 Tracking of the endorectal probe
6.2.1 Paired-point assignment
Paired-point assignment is a method in which measured markers in the MR scanner
frame are assigned or matched to corresponding markers in the probe model. The
assignment was done using the fact that by design the distances between markers are
different from one another and they are known. The solution of Zhang et al. [2001] was
extended so that it is not necessary that all markers are collinear.
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Prior to assignment, the markers in the probe model (nominal probe) are labelled as
follows. The distances between pairs of markers are computed and sorted in ascending
order. The marker that is common to the two largest distances is annotated as marker
A, while the other one on the largest distance is annotated as marker B. The third
marker is annotated as C. The labelling of the markers in the probe model is shown in
Figure 6.4.
The first step in the assignment is to check if the number of measured markers is
different than the number of nominal markers. If this is the case the assignment is
not possible and the point set is discarded and another one acquired instead. The
next step is to calculate the distances between the measured markers. These distances
are compared against the known distances between nominal markers and if there is
significant discrepancy the point set is discarded. The final step is to assign the measured
markers to the nominal markers in the probe model using the same labelling method as
described above. The key requirement in assigning computed points to corresponding
nominal markers is that the distances between the markers are different, fixed and
known.
6.2.2 Alignment using Least-Squares method
Once correspondences between measured markers and nominal markers are known,
the known geometry of the probe can be used to compute any vector or point defined
within the probe model in the MR scanner frame. In order to minimize the error intro-
duced by the measurement, Least-Squares method was employed [Bjorck, 1996] .
Least-Squares method computes the optimal rigid transformation matrix that aligns
the nominal markers M in the probe model to the measured markers P in the MR
scanner frame. This transformation matrix, which includes rotation and translation,
minimizes the sum of the squared distances between nominal markers M and corre-
sponding measured markers P [Arun et al., 1987][Bjorck, 1996]:
N∑
i=1
‖Pi − (R×Mi +T)‖2 (6.1)
where N is the number of markers; R and T are 3×3 rotation and translation matrix,
respectively.
Similarly to Arun et al. [1987], a solution to the Least-Squares problem which uses
Singular Value Decomposition (SVD) [Bjorck, 1996] was adopted. The steps of the
solution may be described as follows.
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1. The centres of mass CP and CM of the measured points P and nominal markers
M sets are calculated as average points:
CP =
1
N
N∑
i=1
Pi (6.2)
CM =
1
N
N∑
i=1
Mi (6.3)
, with N number of markers.
2. The two point sets are translated so that both centroids are at the origin, by com-
puting M
′
= M− CM and P′ = P− CP . This operation removes the translation
component and leaves the rotation only.
3. The matrix H is computed as:
H =
N∑
i=1
M
′
iP
′t
i (6.4)
, with t denoting the matrix transposition.
4. The SVD of matrix H is calculated as:
H = USVt (6.5)
, with U orthogonal matrix, S diagonal matrix, and V transpose of an orthogonal
matrix.
5. The rotation matrix R is computed as:
R = VUt (6.6)
6. The translation matrix T is computed as:
T = −R× CM + CP (6.7)
The computed transformation can then be applied to any other vector or point de-
fined within the probe model to compute its location in the MR scanner frame while
minimizing the error introduced by the measurement. The needle tip in the scanner
frame is found by applying this transformation to the nominal tip of the needle given
by the design of the probe.
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6.3 Targeting accuracy
Monte Carlo simulations were performed in order to assess the accuracy of the mea-
sured needle position after firing. Using the model of the probe shown in Figure 6.4,
105 random orientations of the probe were tested. Each orientation was achieved by two
rotations of the markers in the probe. First rotation was in the sagittal plane around the
x axis for a random angle α, with 30◦ < α < 80◦, and second rotation was in the coronal
plane around the y axis for a random angle β, with −25 < β < +25◦. The corresponding
rotation matrices were, respectively, as follows [Rogers and Adams, 1989]:
Rx =

1 0 0
0 cos(α) −sin(α)
0 sin(α) cos(α)

and
Ry =

cos(β) 0 sin(β)
0 1 0
−sin(β) 0 cos(β)

For each pose, the nominal position of the needle tip was computed from the positions
of the rotated markers using the known geometry of the probe. The measured position
of the needle tip was simulated as follows:
1. The projections of the rotated markers onto all 13 directions were computed (these
projections correspond to the positions of the signal peaks in a real experiment).
2. A random number from the Gaussian distribution was added to each projection
value in order to simulate the stochastic nature of the peak position.
3. The proposed localization method was applied to the projections and measured
positions of the markers were estimated.
4. These estimated markers were assigned to the corresponding markers in the nom-
inal model of the probe.
5. The transformation matrix that aligns markers of the nominal probe to the esti-
mated markers was computed using Least-Squares method.
6. The same transformation matrix was applied to the nominal tip position in order
to obtain the estimated needle tip position. The same result would be obtained if
the transformation matrix was applied to the nominal markers and the needle tip
position was computed from the transformed nominal markers using the known
geometrical relation between markers and needle tip.
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The targeting error was computed as the Euclidean distance from the computed needle
tip to the nominal needle tip. As a result, for a standard deviation in the Gaussian
distribution equal to 0.08 mm, the mean error in determining the needle tip position
was 0.214 mm, the standard deviation was 0.111 mm, and the maximum error was 0.880
mm.
Experiments in the MR scanner were also performed to estimate the targeting ac-
curacy. A fourth marker was placed at the tip of the probe; the probe was attached
at the manipulator which was, in turn, placed in a 2.9 T Siemens Verio MR Scanner.
Four 2L water phantoms were positioned around the probe. The nominal coordinates
of markers and needle tip were calculated as the average of 20 repeated measurements
with the probe in a static initial position.
The probe was rotated and translated so that 20 different poses were achieved. For
each pose, 1D projections were acquired and the coordinates of the four markers were
computed by applying the proposed localization method. For the three nominal markers
within the probe, assignment and alignment with the measured markers were performed;
the calculated transformation matrix was applied to the nominal fourth marker (nom-
inal needle tip). Targeting error was calculated as the difference between the nominal
needle tip and the measured fourth marker. The mean error in determining the needle
tip position was 0.734 mm, the standard deviation was 0.460 mm, and the maximum
targeting error was 1.11 mm.
6.3.1 Expected targeting accuracy using more than three markers
Further improvement to the accuracy in localizing the tip of the needle may be
achieved by using more than three markers. The dependence of the targeting accuracy
on the number of employed markers was quantified by implementing Monte Carlo simu-
lations for more than three markers. A maximum number of 6 markers was considered,
as it was recognized that this is a realistic number of markers which can be embedded
within a probe.
The markers configuration of Figure 6.4 was the starting configuration. Markers were
added one by one to this configuration. As shown in Figure 6.5, a fourth marker D, a
fifth marker E, and lastly a sixth marker F were added in that order. For each added
marker Monte Carlo simulations were performed as above and the targeting error was
computed.
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Figure 6.5: Configuration of N= 6 markers. Marker A, B, and C were the starting
configuration; markers D, E, and F were added one by one and new targeting accuracies
were computed.
105 Monte Carlo simulations were performed per for each configuration of 3, 4, 5,
and 6 markers, respectively. The simulations were performed for two lengths l of the
needle, one equal to 60 mm and the other was equal to 120 mm. 60 mm is the maximum
firing distance for the employed biopsy needle, while 120 mm represents a situation in
which the markers are further away from the needle tip e.g. for space limitation or safety
reasons. Results are showns in Tables 6.1 and 6.2.
It can be noticed that, in general, the maximum error in locating the needle tip can
be reduced by using more markers. For a needle length of 60 mm, with 6 markers the
maximum error decreases from 0.88 mm to a value equal to 0.53 mm. For a needle
length of 120 mm, the targeting error significantly increases when three or four markers
are employed, while using 6 markers the targeting error shows only a relatively modest
increase above the 60 mm case.
Table 6.1: Targeting accuracy using up to 6 markers. Length of the needle equal to
60 mm. Standard deviation equal to 0.08 mm.
Markers St Dev(mm) Mean Error(mm) Max Error(mm)
3 0.111 0.214 0.88
4 0.097 0.191 0.75
5 0.08 0.163 0.57
6 0.07 0.147 0.53
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Table 6.2: Targeting accuracy using up to 6 markers. Length of the needle equal to
120 mm. Standard deviation equal to 0.08 mm.
Markers St Dev(mm) Mean Error(mm) Max Error(mm)
3 0.4 0.59 2.9
4 0.17 0.31 1.24
5 0.12 0.23 0.78
6 0.09 0.18 0.59
6.4 Discussion and Conclusion
The proposed localization method was employed to localize the endorectal probe and
the biopsy needle in MRI-guided transrectal prostate biopsy. The proposed interven-
tional MRI system was presented and the design of the endorectal probe and the delivery
mechanism were explained. Nominal position and orientation of probe and biopsy needle
were defined in relation to three semiactive markers embedded within the probe.
Localization of the probe and needle within the scanner frame included paired-point
assignment of the measured markers to the nominal markers and Least-Squares fitting
of the nominal markers to the measured markers. The obtained transformation matrix
was used to compute direction and position of the biopsy needle in the scanner frame.
Monte Carlo simulations were performed to quantify the targeting accuracy. Target-
ing accuracy was computed as Euclidean distance between the measured tip of the needle
in the scanner frame and the nominal tip of the needle. A maximum targeting error of 1
mm was estimated and a similar result was obtained in the MR scanner. Improvement
in the targeting accuracy was predicted by implementing Monte Carlo simulation for
more than three markers; using 6 markers the targeting error reduced by up to a factor
of two.
6.4.1 Failure scenario in probe localization
When estimating position and orientation of the probe from the computed points, it
is essential to correctly assign each computed point to its corresponding marker. In view
of the steps explained in Section 6.2, a situation of tracking failure would result from a
mis-assignment of the computed coordinates to the markers.
In tracking of the probe two tests for identifying mis-assignment were introduced.
For each updated position, i) the distances between the markers were computed and
compared with the know distances and ii) the distance between consecutive positions of
the markers were computed and compared with a realistic step. For both tests and in
a case of failure, the computed positions were discarded and the position of the probe
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was not updated.
It is important to underline that loss of signal may occur when the marker is at some
angle to the main field, which may result in failure to detect a marker. Design of the
probe and kinematics of the robot were such that markers were kept perpendicular to
the main field in all positions of the device during the procedure, maximizing the peak
amplitudes during tracking.
Chapter 7
Guidance in MRI-guided
transrectal prostate biopsy
One of the main benefits of a fast localization method is to enable the implementation
of navigational aids, such as automatic update of the plane through the instrument. As
a result, a more robust, consistent and accurate image-based guidance of the instrument
is achieved.
This Chapter describes the developed software for visual guidance of the endorectal
probe and biopsy needle. The software, which was implemented on the external navi-
gation workstation, was design to meet the needs of the procedure workflow explained
in Chapter 6. It provides 3D anatomical images visualization, display of the current lo-
cations of the probe and needle, and visualization of the plane through the needle. The
suggested trajectory to the selected target and the current distances from the needle to
the target are also provided to enable an easier and faster targeting. Furthermore, fil-
tering of the measured data was implemented, resulting in a more consistent monitoring
of the instrument.
Pre-clinical targeting trails were conducted in a 1.5 T Siemens Avanto MR Scanner
by clinician Prof. Nandita Desouza at Royal Marsden Hospital (Sutton, London, UK).
These were performed on a male prostate phantom which was built by other members
of the research group to represent adequately the male pelvic anatomy.
7.1 Visualization of the imaging volume
The acquired anatomical MR images are in DICOM format, which uses a right handed
LPH (Left-Posterior-Head) coordinates system centred at the isocentre of the MR scan-
ner and oriented according to the patient position on the scanner table, as illustrated in
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Figure 7.1(a).
Position and orientation of an image within the MR scanner are included in the header
of the DICOM file under the tags ImagePositionPatient and ImageOrientationPatient,
respectively. The tag ImagePositionPatient specifies x, y, and z coordinates of the first
transmitted pixel of the image, which corresponds to the upper left hand corner of the
image (TLC ) or pixel (1,1) as displayed in MatLab; the tag ImageOrientationPatient
includes two vectors which specify direction cosines of rows and columns of the image, as
shown in Figure 7.1. Further image information, such as size of a pixel and dimensions
of an image, are also included in the file header and the MatLab function dicominfo was
used to access them.
(a) (b)
Figure 7.1: LPH coordinate system for patient in prone position. IPP=image position
patient, IOP=image orientation patient. a) Definition of the DICOM image within the
MR scanner volume. b) Image coordinate system in MatLab environment.
The visualization functionality was implemented such that the received DICOM im-
ages are first ordered according to ascending z-coordinate, from the feet towards the head
of the patient, and second, operations of flipping up-down and left-right are performed
on each slice to show the patient in the prone position as seen by a person standing at his
feet. The operator may scroll through the displayed slices, change the 3D point of view,
zoom in-out and visualize sagittal and coronal planes which are given by interpolation
through the acquired MR images. All this is performed by keyboard commands.
Figure 7.2 shows visualization of a set of transverse MR images acquired for a healthy
volunteer in the prone position. In this view, the displayed transverse and sagittal slices
are through the middle of the prostate, while the coronal slice is slightly below the
prostate.
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Figure 7.2: Display of the MR anatomical images on the navigation workstation. MR
transverse images are acquired and visualized in 3D. Sagittal and coronal planes are
interpolated through the acquired transverse images.
7.2 Display of Endorectal probe and biopsy needle
7.2.1 Markers coordinates in the imaging volume
When a new set of 1D projections is received, the coordinates of the markers are
computed by means of the localization algorithm presented in Chapter 5. In order to
provide a correct display of the instrument in relation to the anatomical target, the
computed markers must be firstly related to the imaging volume.
As illustrated in Figure 7.3, the computed coordinates of a marker, (Mx,My,Mz),
and the slice position, (IPPx, IPPy, IPPz), are both with respect to the isocentre of the
MR scanner, which is also the middle of the slice. The following transformations were
implemented to bring the marker to the imaging volume:
M
′
x = 1 +
Mx − IPPx
pixelSpacing
M
′
y = 1 +
My − IPPy
pixelSpacing
M
′
z = 1 +
(Mz − IPPz)
sliceDistance
(7.1)
where pixelSpacing is the size of a pixel in mm and sliceDistance is the distance between
the centres of consecutive slices in mm. The addition of 1 is due to the fact that the
first pixel has coordinates (1,1,1).
Chapter 7. Guidance in MRI-guided transrectal prostate biopsy 100
Figure 7.3: RF marker within the image coordinate system. The computed coordi-
nates of the RF marker are to the isocentre of the MR scanner and must be translated
into image coordinates.
Since the operations of flipping the y axis upside-down and the x axis left-right are
performed on the images, as explained above, the same operations must be performed
on the markers. The flipped coordinates (M
′′
x ,M
′′
y ,M
′′
z ) of a marker were computed as:
M
′′
x = 1 + sizeX −M
′
x
M
′′
y = 1 + sizeY −M
′
y
M
′′
z = M
′
z
(7.2)
where sizeX and sizeY are respectively width and height of an image in mm.
By substituting (M
′
x,M
′
y,M
′
z) in Equations 7.2 with Equations 7.1, (M
′′
x ,M
′′
y ,M
′′
z )
coordinates are expressed in terms of (Mx,My,Mz) coordinates:
M
′′
x = 1 + sizeX − (1 +
Mx − IPPx
pixelSpacing
)
M
′′
y = 1 + sizeY − (1 +
My − IPPy
pixelSpacing
)
M
′′
z = 1 +
(Mz − IPPz)
sliceDistance
(7.3)
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which was implemented as:
M
′′
x =
−Mx + IPPx + sizeX · pixelSpacing
pixelSpacing
M
′′
y =
−My + IPPy + sizeY · pixelSpacing
pixelSpacing
M
′′
z = 1 +
(Mz − IPPz)
sliceDistance
(7.4)
Location of the probe and needle within the imaging volume was computed using the
markers coordinates given in Equations 7.4.
7.2.2 Graphical Display
Tracking of the endorectal probe and biopsy needle was explained in Chapter 6. It
involves paired-point assignment of the measured markers to the nominal markers and
Least-Squares fitting for measurement error minimization. During the procedure, the
operations of assignment and alignment are performed for each set of measured markers
and prior to update of display of the probe and needle.
Figures 7.4 and 7.5 show the graphical models which represent the probe and needle.
The probe is displayed as a thick blue line corresponding to the needle guide and the
length of the probe. The needle is displayed as a thin yellow line corresponding to the
needle after firing. The length of the needle after firing was set equal to 60 mm.
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Figure 7.4: Graphical user interface. The thick blue lines represents the probe and the
thin yellow line represents the needle. The dashed white line is the suggested trajectory,
which is through the target (yellow dot) and the remote-centre of motion (red dot).
7.3 Enhanced guidance
7.3.1 Target selection and suggested trajectory
Target selection is performed by the operator at the workstation on the displayed
anatomical MR images. The operator adjusts the axial, coronal and sagittal planes so
that their intersection coincides with the identified target and, as the operator presses the
target selection key, the program computes the coordinates of the target as intersection
of the three planes. The suggested trajectory to the target is provided as a line through
the target and the remote-centre of the manipulator, as shown in Figures 7.4 and 7.5.
Computation of the remote-centre in the scanner frame is performed automatically,
as soon as the movement starts. It is performed only once as the remote-centre does not
change during operations of translation and rotation of the probe, unless the manipulator
base has been moved. The remote-centre is computed on the basis of the directional
vectors of the probe in the initial and current positions. It is calculated as the average of
the two closest points on the two lines defined by the two directional vectors [Glassner,
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1998]:
rc = t
′
+ s ∗ pd (7.5)
with
s =
Det[(t
′ − t), pd, pd′ × pd]
|pd′ × pd| (7.6)
where t
′
and pd
′
are the current tip position and unit probe direction and t and pd are
the tip position and unit probe direction at the initial probe position.
The clinician rotates the probe so that its corresponding displayed model is aligned
with the suggested direction and translates the probe so that the biopsy needle, displayed
as after firing, goes through the aimed target. Such display technique was based on
clinicians requirements.
7.3.2 Updated plane and Distances from the target
For more intuitive perception, the oblique plane of the parallelogram mechanism
of the manipulator, which is defined by the needle and the manipulator main axis of
rotation, is interpolated through the transversal slices and updated during the entire
targeting procedure, as shown in Figure 7.5.
At each new set of 1D projections, the program computes the angle between the
previous location and the current location of the probe, using the dot product of the
two directional vectors projected in the XY plane, then it rotates the plane for this angle
about the z axis using the remote-centre of the manipulator as centre of rotation.
In order to achieve more accurate, faster and easier targeting, the program also
provides the distances from the target to the oblique plane, to the probe directional
vector and to the tip of the needle, as after firing. Visualization screenshots taken while
performing pre-clinical trials are shown in Section 7.5.
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Figure 7.5: Graphical user interface. The suggested trajectory is the line connecting
the computed remote-centre and the selected target. The distances are in mm.
7.4 Filtering of the measured data
While performing the procedure, it was noticed that jittering of the displayed needle
and probe may occur. This was attributed to the localization error and to imperfections
in the device mechanism. By plotting the measured positions of the needle tip in time,
fluctuations were observed. Such fluctuations should be smoothed out to provide a more
reliable guidance of the instrument. With this aim, filtering techniques may be applied
[Teukolsky et al., 1986].
In order to verify the improvement in the display when a filtering technique is applied,
a simple moving average filter was implemented, as suggested by [Teukolsky et al., 1986].
This filter replaces each measured point, x[i], with the average of this measured point
and its M preceding measured points:
xf =
1
M
M-1∑
j=0
x[i+ j] (7.7)
where xf is the filtered position, and M is the number of points used in the moving
average. Owing to the fast localization, preceding points of the averaged point measure
very nearly the same underlying value, at least in a final stage of the tracking where
movements are small. Therefore, averaging reduces the level of noise without biasing
the value obtained.
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Figure 7.6 shows results of the averaging procedure applied to real measured data
obtained in a navigation experiment, with M = 5. The components of the measured
points along the three main axes are shown with and without filtering. It can be noticed
that by applying the average filtering the fluctuations are smoothed out. However, this
method introduces undesirable delay, that is perceived in the regions of faster change
and negligible in the regions of slower change. As high accuracy of the tracking is
needed only in the last stage of the targeting procedure, when the movements of the
probe are small and slow, the delay introduced, which is of the order of a few tenths
of a second, does not affect the targeting. As a natural improvement to the method of
moving average Kalman filtering may be considered [Teukolsky et al., 1986].
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(a)
(b)
(c)
Figure 7.6: Coordinates of the tip of the needle. The tip of the needle was computed
for the real acquired data during the procedure and the graphs show the results with
and without moving average filtering.
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7.5 Pre-clinical trials
The design of the interventional system was presented in Chapter 6, Section 6.1. Fig-
ures 7.7 and 7.8 show the navigation workstation in the control room and the shielded
monitor in the scanner room, respectively. Figure 7.9 shows the MRI-compatible ma-
nipulator and the male pelvic phantom set-up on the MR scanner table.
The silicon phantom was made by other members of the research group, modelled
on a subject volunteer in the prone position to represent adequately the male pelvic
anatomy, both internally and externally. The phantom houses anus, rectum and an
empty cavity for placement of a prostate phantom, shown in Figure 7.10. Prostate
phantoms were constructed as gelatine assemblies of diameter equal to about 40 mm.
Five prostate phantoms were constructed, each of them including realistic targets of
diameter between 5 mm and 10 mm, representative of lesions. Small targets were made
by injecting a drop of vinegar into the the prostate, while large targets were made by
inserting a piece of lard. Examples of targets are shown in Figure 7.11.
Figure 7.7: MRI-guidance set up. Navigation workstation in the control room.
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Figure 7.8: MRI-guidance set up. Shielded monitor in the MR scanner room.
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Figure 7.9: Manipulator and pelvic phantom on the scanner table.
Figure 7.10: Inner section of the male pelvic phantom.
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(a) (b)
Figure 7.11: Targets in the prostate. The targets were created (a) by injecting a drop
of vinegar or (b) by inserting a piece of lard inside water-gel assembly (prostate).
7.5.1 Targeting outcome
MR images of the phantom were acquired using T2-weighted Turbo Spin Echo se-
quence with parameters as reported in Table 7.1. These are the parameters routinely
used in prostate imaging. In order to provide a good overall view of the anatomy 20
slices were acquired.
Figure 7.12 shows screenshots of the graphical user interface during the procedure.
In this trial, the prostate phantom shown in Figure 7.11(b) was employed. In Figure
7.12(a) the two targets are clearly visible. The displayed red sphere indicates that the
clinician selected the target on the left. Figure 7.12(b) and Figure 7.12(c) show stages
of the targeting procedure. The trajectory to the target, the plane through the needle
defined by the parallelogram mechanism of the manipulator, and the distances from
needle tip and probe line up to the target are displayed. Figure 7.12(d) shows probe
and needle just before firing. The anatomical images were at this stage acquired and
updated. Also, it can be observed that the algorithm successfully computed the markers’
positions for all the received sets of 1D projections.
Figure 7.13(a) shows the prostate phantom after firing. Figure 7.13(b) shows the
result of another trial using a smaller target similar to the one shown in Figure 7.11(a).
In both cases the trace is through the target. Figure 7.14 show a sagittal slice which
was acquired to show the needle after firing in situ. It can be noticed that the tip of the
needle is through the target. A total of five trials were performed and similar results
were obtained in each trial. The average time taken for completing a targeting procedure
was about 5 minutes.
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Table 7.1: Parameters of the sequence Turbo Spin Echo.
TR (ms) 3670
TE (ms) 121
Flip angle (◦) 137
Slice thickness (mm) 3-5
Pixel spacing (mm) 0.688
Distance factor (%) 10
Turbo factor 23
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(a)
(b)
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(c)
(d)
Figure 7.12: Screenshots of the graphical interface while performing pre-clinical tri-
als.(a) Target selected; (b) and (c) while guiding the probe towards the target; (d)
before firing the needle.
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(a) (b)
Figure 7.13: MRI-guided targeting trials. The trace through the targets left by the
biopsy needle is indicated.
Figure 7.14: Confirmation MR image after firing. In the sagittal slice it can be seen
that the tip of the needle is through the target.
7.6 Discussion and conclusions
This Chapter presented the visualization software that was developed in order to
provide intuitive and reliable visual guidance of the instruments within the patient’s
body. The acquired transversal MR images were uploaded and visualized together with
sagittal and coronal planes interpolated through the slices. Models of the probe and
biopsy needle, as it would be after firing, were displayed within the imaging volume.
The suggested trajectory to the selected target was provided as the line through the
remote-centre and the target. The oblique plane containing the needle was interpolated
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through the slices and updated at each new location of the probe. The distances from
the target to this plane, as well as to the probe directional vector and to the needle tip
were displayed for an easier and more accurate targeting. Filtering of the measured data
was also implemented and, as a result, jittering of the displayed needle and probe was
considerably reduced.
The system was tested in a pre-clinical environment. A male pelvic phantom was
constructed within the project to represent the internal and external anatomy. Initial
targeting trials were successfully performed on targets of diameter between 5 mm and
10 mm; the average time needed to complete a targeting procedure was 5 minutes.
Chapter 8
RF receiver array for MRI-guided
Transrectal Prostate Biopsy
MRI-guided transrectal prostate biopsy ideally requires interleaving of biopsy needle
tracking with imaging of the target lesions, in view of tissue movements during the
intervention [Tadayyon et al., 2011]. Updates of needle and target locations provide
a more accurate suggested trajectory to the clinician which results in a more accurate
targeting of suspected lesions.
Imaging of target lesions while performing the intervention demands an MR signal
detector which does not inhibit the clinical workflow. Diagnostic MR imaging of the
prostate is routinely performed by means of pelvic array and endorectal balloon coils
used in combination; however, endorectal balloon coils are not suitable for transrectal
biopsy procedures, while pelvic array alone does not provide adequate signal. As an
alternative to endorectal balloon coils, endorectal probes with an incorporated small
solid surface coil and needle guide have been proposed [Krieger et al., 2011][Elhawary
et al., 2010]. However, the field of view of these coils is small due to acceptable coil
sizes and they do inevitably restrict the probe movements. In many cases clinicians
perform transrectal prostate biopsy by means of pelvic coil alone [Beyersdorff et al., 2005]
[Engelhard et al., 2006]. This is a good solution in terms of biopsy probe movements
and patient safety and distress but unsatisfactory in terms of target imaging. Images of
a target lesion may be further compromised by the need to relocate pelvic coil elements
to better accommodate robot and probe.
There is therefore need for an optimal detector suitable for MRI-guided prostate
biopsy procedures. In this Chapter a novel external receiver array is proposed, for
which the design was produced based on volunteer subjects and optimized for use with
a MRI-compatible manipulator and endorectal probe. Design of the array, performance
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assessment and construction are explained. Initial results in a 1.5 T Siemens Avanto
MR Scanner are reported and compared to a standard pelvic array coil.
8.1 Design of the receiver
8.1.1 Definition of the region of interest
Design of the receiver array firstly depends on the region of interest, which comprises
the prostatic area. As the aim was to design an external array, the region of interest
was identified and related to the outer anatomy. To this end, high resolution cross-
section sagittal and transverse MR images of the male pelvic anatomy were acquired for
a subject in the prone position. The prostate was identified in both cross-sectional views
and its distances from the outer contour of the body were estimated using the Dicom
viewer software Sante Dicom [from: http://users.forth net.gr/ath/mkanell].
Two cross-sections, axial and sagittal, centred at the prostate are shown in Figure
8.1. A circle identifies the prostate. The distances were measured from the centre of the
prostate to reference points in the external anatomy, namely the pelvic area, the anus
and the front-back parts. The distances are reported in Table 8.1. In order to maximize
the detected signal, the receiver coil was designed so that it surrounds the region of
interest and the distances from its surfaces to the region of interest are minimized.
Table 8.1: Anatomical distances. The distances are defined as: PP=prostate-perineal
body; PA=prostate-anus; PF=prostate-anterior; Pp=prostate-posterior
PP (mm) PA(mm) PF(mm) Pp(mm)
73± 3 67± 3 103± 3 96± 3
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(a)
(b)
Figure 8.1: Pelvic anatomy. (a) Axial and (b) Sagittal cross-sections of the prostatic
area were acquired on a GE 3T MR scanner with GRE sequence and parameters as
specified in the images.
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8.1.2 Geometry of the detector
In order to follow closely the exterior body contour, an asymmetric array of two an-
terior and three posterior trapezoidal loops was devised, with each loop tapered toward
the perineal body. Single loop design produces a maximum magnetic field at about the
centre of the loop plane and directed perpendicularly to the loop plane; therefore, sensi-
tivity to the transversal component of the MR magnetization vector was maximized by
orienting the normals to the planes of each loop as much as possible toward the y axis of
the MR scanner. In order to compensate for the small angle with the y axis at the mid-
point (perineal body), the central pair of trapezoids was configured as a figure-of-eight
or butterfly coil, a geometry which has been previously successfully employed in MRI to
solve the problem of signal loss due to orientation of a RF surface coil within the MR
scanner [Di Luzio et al., 1998]. Unlike a single loop surface coil, a butterfly coil in fact
produces a magnetic field that in the central region of the coil is substantially parallel to
the coil plane. The angle between cross overlapping conductors of the butterfly coil was
designed to be 150◦, which was proved to be optimal by Kumar and Bottomley [2008]
in terms of sensitivity of the coil in its central region.
The final geometry of the detector is shown in Figure 8.2 and Figure 8.3. The ge-
ometry comprises four elements, three single loop surface coils and a butterfly coil.
Neighbouring elements were partially overlapped in order to minimize the mutual cou-
pling between nearest neighbours. The overlapping fractions between pairs of elements
were estimated on the basis of simulations performed with mutual inductance calcula-
tion software FastHenry, as explained in the next Section. Dimensions and orientation
with respect to the y axis were defined on a volunteer and were considered indicative
for an average male subject. The butterfly coil (Element 1) comprises two symmetrical
trapezoidal loops whose height is 70 mm and bases are 70 mm and 120 mm. One loop
is at an angle of 30◦ with respect to the y axis and overlaps a trapezoidal loop (Element
2) which is at an angle of 70◦ with respect to the y axis and whose height is 90 mm
and bases are 120 mm and 190 mm. The other loop is at 20◦ to the y axis and overlaps
a trapezoidal loop (Element 3) which is at 65◦ to the y axis and with height 140 mm
and bases 120 mm and 250 mm. This loop, in turn, overlaps a rectangular loop with
dimensions 250 mm and 50 mm and perpendicular to the y axis. Importantly, the de-
sign accommodates the transrectal biopsy probe, through one of the loops (Element 3),
and the manipulator, as shown in Figure 8.4. This loop was designed so that the anus
is approximately coincident with its centre. If we imagine a circle around the anus to
indicate the available space, this circle would have radius equal to about 50 mm. This
space was considered sufficient to avoid any obstruction to the movements of the probe
inside the rectum.
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Figure 8.3: 3D view of the array. Each element of the array is labelled for later
analysis of the performance.
Figure 8.4: Integration of the array with a device for MRI-guided transrectal prostate
biopsy. The array is meant to be compatible with a manipulator for performing tran-
srectal prostate biopsy. The manipulator shown here was made by other members of
the research group [Lambert et al., 2012]. Different manipulators may be employed.
8.2 Overlapping of neighbouring coil elements
Partial overlapping of receiver array loops was employed in order to cancel the to-
tal magnetic flux linkage between neighboring elements and therefore minimize their
mutual inductances. Mutual inductances were calculated by using the mutual induc-
tance calculation open source software FastHenry. FastHenry is a program capable
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of computing the self and mutual inductances, as well as the resistances, of a generic
tridimensional conductive structure, in the magnetoquasistatic approximation [from:
http://www.fastfieldsolvers.com/] [Russer, 2006].
The input file required by FastHenry, describing the geometry and defining the fre-
quencies of interest at about 63.8 MHz, was generated in MatLab. This file specified
every conductor of the array as a sequence of rectilinear segments connected between
3D points or nodes. Every segment had conductivity σ = 5.8 · 104mmΩ and the shape
of a rectangular parallelepiped, whose width and height were respectively 5 mm and 0.5
mm, reflecting the cross-section of the copper strip chosen for the array elements, as
shown in Figure 8.5.
Figure 8.5: Segment conductor as defined in the input file to FastHenry. The nodes
represents the points of junction with the neighbouring conductors.
The output file generated by FastHenry provided the impedance matrix of the four-
element array in the form:
Zik =

R1 + jL1ω jM12ω jM13ω jM14ω
jM21ω R2 + jL2ω jM23ω jM24ω
jM31ω jM32ω R3 + jL3ω jM34ω
jM41ω jM42ω jM43ω R4 + jL4ω

with i, k = 1, 2, 3, 4. Ri represents the resistance and Li the self-inductance of the
i -element; Mik represents the mutual inductance of the elements i and k, with i 6= k,
and ω the radial resonance frequency.
The mutual inductances Mik for each pair of elements i and k of the array were calcu-
lated by dividing the imaginary part of the impedance by the radial resonance frequency
ω. The mutual inductances were computed for a range of overlapping fractions between
neighbours in order to find the overlapping fraction which ensures best decoupling.
Figure 8.6 shows the estimated mutual impedances for each element of the array, for
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overlapping divisors from 2 up to 9. Element 1 has two close neighbours, namely Ele-
ment 2 and Element 3. It can be seen from Figure 8.6 (a) that the optimal overlapping
fractions are 15 and
1
6 with Element 2 and Element 3, respectively. For these fractions
the mutual impedances reaches in fact a minimum value equal to about 0.110−10Ω. It
can be noticed that the lower coupling with the far-away neighbour Element 4 slightly
decreases by increasing the distance between the two elements. Similarly, Figure 8.6 (b)
tells that the optimal overlapping fraction of Element 2 with Element 1 is 15 , while the
lower coupling with far-away neighbours Element 3 and Element 4 is inversely propor-
tional to the distance between the elements. For Element 3, Figure 8.6 (c), the optimal
overlapping distance with Element 1 is 16 and with Element 4 is
1
7 , as also shown in Fig-
ure 8.6 (d). These results indicate that mutual coupling between adjacent elements can
be minimized by partial overlapping and give an estimation of the optimal overlapping
divisor for each pair of loops. In general, partial overlapping has little effect on the low
coupling between far-away neighbours. This is the case of the pairs Element 1 and Ele-
ment 4, Element 2 and Element 3, Element 2 and Element 4. Coupling between far-away
neighbours was experimentally evaluated and pre-amplifier decoupling was employed in
this case.
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8.3 Evaluation of the receiver
8.3.1 Magnetic field
The receiver array was evaluated in terms of sensitivity and homogeneity over the
region of interest. According to the Theorem of Reciprocity [Hoult, 1978], the sensitivity
of the detector to the transversal component of the RF magnetization is proportional
to the transversal component of magnetic field generated by unit current flowing in the
coil.
By applying Biot-Savart Law, the magnetic field at a point P may be expressed in
terms of current I flowing in the coil [Blum and Roller, 1981]:
B =
µ0I
4pi
∮
dl× (r− r′)
|r− r′|3 (8.1)
where µ0 is the permeability of free space, Idl is the infinitesimal current element and
r− r′ is the vector distance from Idl to the field point P .
The configuration of the detector is such that each element may be simplified into
straight conductors parallel to the x axis or arbitrarily oriented. On the basis of the
Principle of Superposition, the magnetic field B generated by an element may then be
determined by summing the magnetic fields generated by each of the separate straight
conductors.
Equation 8.1 was hence developed for a general case of a straight conductor arbitrarily
oriented in space. The details of the field computation in terms of the coil coordinates
is reported in Appendix B. The obtained expressions for magnitude and direction of
the magnetic field at a point in space were implemented in C++ and linked to a main
MatLab program in which geometry and orientation of each element were defined. The
total magnetic field generated by the array was obtained by applying the Principle of
Superposition and contour maps of the sensitivity were computed over the region of
interest.
8.3.2 Sensitivity and Homogeneity
Sensitivity and homogeneity were evaluated in the region of interest. The sensitivity
was computed as transversal component of the magnetic field B produced by unit cur-
rent flowing in the coil. The homogeneity through a slice was computed as
|B−Bmid−point|
|Bmid−point| ,
with |Bmid−point| magnetic field at the middle point of the slice.
The complete setup used in the simulations is shown in Figure 8.7, where the dis-
tances of the elements of the array from the centre of the prostate were determined in
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Section 8.1.1 while the extension of the prostate was defined on the basis of reported
cases of prostate cancer [Kimple et al., 2010]. Table 8.2 shows the average dimensions of
the prostate for patients with cancer and benign diagnosis along the three main anatom-
ical axes. It can be observed that along anteroposterior and transverse directions the
dimensions of the prostate are similar for the two categories of patients, whereas along
craniocaudal direction the prostate may increase of about 20 mm in the case of cancer.
As a result, a sphere of diameter 50 mm was considered representative of the volume of
interest.
Table 8.2: Prostate dimensions. The distances are defined as: CC dim: craniocaudal
dimension, AP dim: anteroposterior dimension, TR dim: transverse dimension.
CC (mm) AP(mm) TR(mm)
Patients with cancer diagnosis 46.7± 17.5 37.6± 6.3 48.3± 5.8
Patients with benign diagnosis 50.4± 7.6 40.4± 6.5 50.2± 5.5
For comparison, sensitivity and homogeneity were also computed for a standard pelvic
coil. This comprised 4 rectangular elements at the front and 4 at the back of the patient
with dimensions taken by Siemens technical manual (4-channel flex coil; dimensions:
516mm × 224mm; overlapping: 1/3). The frontal part was aligned with the perineal
body, while the posterior part was placed slightly higher in order to accommodate the
probe and the manipulator, resulting in an offset between the front and back arrays of
about 150 mm along z.
Figure 8.7: Envisaged setup of proposed coil and pelvic coil in the MR scanner. This
setup was used in the simulations.
Figures 8.8 and 8.9 show the computed field contour maps in sagittal and axial planes,
respectively. Both planes are through the centre of the prostate; the circle, which has
diameter 50 mm, indicates the prostate. Each colour on the map represent points on
the plane sharing the same field value. The values of the field were mapped in the range
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1-10 µTeslaA−1 using a red color scale. White color corresponds to highest values, while
black color corresponds to lowest value.
The field maps indicate that the sensitivity of the proposed coil is appreciably higher
than that of a pelvic coil over the entire region of interest. The magnetic field of the
proposed coils reaches values about a factor of three higher than the pelvic array. There
is an appreciable improvement in the sensitivity over the peripheral zone of the prostate
(lower prostate area in Figures 8.8 and 8.9), which is the area where 70% cases of
prostatic cancers originate [Center, 2013]. The field of the proposed coil also appears
more homogeneous, as can be seen from the distribution of the field contours and further
illustrated in Figure 8.10. In this case, the variation of the magnetic field along a line
parallel to the y axis and through the middle of the prostate was computed with respect
to the field value at the middle of the prostate (y = 0 mm, x = 0 mm, z = 75 mm). The
variation was calculated in the sagittal plane (Figure 8.10 (a)) and in the axial plane
(Figure 8.10 (b)). It can be noticed that in both planes the variation of the field for the
proposed coil is lower than that for the pelvic coil and its value in the region of interest
is always below 0.1.
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(a)
(b)
Figure 8.8: Sensitivity maps. (a) Proposed coil and (b) pelvic coil sensitivity in a
sagittal plane through the middle of the prostate. The circle represents the prostate.
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(a)
(b)
Figure 8.9: Sensitivity maps. (a) Proposed coil and (b) pelvic coil sensitivity in an
axial plane through the middle of the prostate. The circle represents the prostate.
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(a)
(b)
Figure 8.10: Variation of the magnetic field. The variation was computed along a
segment through the middle of the prostate and in the (a) Sagittal and (b) Axial planes.
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8.4 Manufacturing procedure
The results of the simulations were considered promising in terms of sensitivity and
homogeneity of the proposed detector. This section describes how the detector was
manufactured and experimentally evaluated. Evaluation involved tests on the bench
and in a Siemens 1.5 T Avanto MR Scanner (Charing Cross Hospital, London, UK).
8.4.1 Step 1: Tuning and Matching
In order to ensure higher MR signal amplitude, each element of the array was tuned
to the resonance frequency of 1H at 1.5 T, which is ν0 = 63.87 MHz. The detected signal
was transmitted from the elements to the MR scanner receiver channels by means of 50
Ω transmission lines. According to the Maximum Power Transfer theorem, in order to
maximize the power transfer from an element to a transmission line, the impedance of
the element, source, must be matched to that of the 50 Ω transmission line, load. These
concepts are exhaustively explained in Terman [1943].
Tuning and matching of an element with inductance L involved the use of two ca-
pacitors, CT and CM , as shown in Figure 8.11. RL is the impedance of the transmission
line and RS is the impedance of the element. The values of CM and CT were estimated
as follows.
Figure 8.11: RF circuit element coil. An element coil, which has inductance L, was
tuned to the frequency ν0 = 63.87MHz and matched to the impedance RL of the
transmission line by means of two capacitors, CT and CM . RS is the impedance of the
element coil. The element coil acts as source of signal and the transmission line as load.
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The equivalent impedance of the circuit RLCM may be computed as
Z =
1
jωCM
1
(
1
jωCMRL
+ 1)
=
1
jωCMRL
RL
(
1
jωCMRL
+ 1)
(8.2)
=
1
jωCMRL
RL
(
1
jωCMRL
+ 1)
1− 1
jωCMRL
1− 1
jωCMRL
=
1
jωCMRL
RL
1− 1
jωCMRL
1 +
1
ω2C2MR
2
L
≈ 1
jωCMRL
RL(1− 1
jωCMRL
)
=
1
jωCM
+
1
ω2C2MRL
The approximation in Equation 8.2 is possible since ωCMRL  1. The circuit RLCM
is equivalent to a load R′L =
1
ω2C2MRL
in series with a capacitor CM , as illustrated in
Figure 8.12.
Figure 8.12: Circuit equivalent to an RF element coil.
Matching of an element coil requires that the impedance of the source RS is equal to
impedance of the load R′L, thus RS =
1
ω2C2MRL
and
CM =
1
ω
√
RSRL
(8.3)
Tuning implies that the equivalent capacitance of the circuit Ceq =
CT + CM
CTCM
is equal
to
1
ω20L
, where ω0 is the resonance radial frequency of the element coil. It follows that
CT =
CM
ω20LCM − 1
(8.4)
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The values of CM and CT were computed using Equations 8.3 and 8.4. The inductance
L and the resistance RS of an element coil were experimentally determined. Estimated
values of CM and CT are reported in Table 8.3. Measurements were performed by
means of a Vector Network Analyzer (Anritsu MS 2026A VNA Master). Each element
was in turn inductively coupled to the S11 transmitting probe and connected via coaxial
cable to the S12 receiver channel, while the other elements were connected to 50 Ohm
terminations. The values of the capacitances were slightly adjusted from the computed
values for better tuning and matching. Adjustment was repeated for each step of the
procedure.
Table 8.3: Estimated values of the added components.
element CM (pF ) CT (pF ) RS(Ω) L(nH)
1 250 13.7 1.95 0.476
2 260 20 1.85 0.334
3 270 16.7 1.75 0.394
4 286 24.4 1.52 0.276
8.4.2 Step 2: Detuning in transmission
Coupling of the receiver with the transmitter during the RF excitation pulse may
cause large induced currents in the receivers. This could cause significant disturbance
in the local field, potential damages to the electronic components and exceeding the
permitted Specific Absorption Rate (SAR) limits [Roemer, 1990] [Fujita et al., 2013].
This was prevented by detuning the receiver during the transmission phase away from
its resonance frequency by employing a PIN diode in series with an inductor Ld to form
a LdCM network, as shown in Figure 8.13. The PIN diode limits the maximum voltage
that can develop across the capacitor CM to 0.5 V, while it permits reception of the MR
signal, since the voltage during reception does not exceed this threshold. The induced
voltage from the transmit pulse biases the PIN diode on and the carrier lifetime in
the PIN diode ensures that the PIN diode conducts during the whole transmit pulse.
When the PIN diode is forward biased the parallel circuit LdCM is presented at the
receiver, as illustrated in Figure 8.13 (b). By tuning the circuit LdCM at the frequency
of interest, optimal detuning of the receiver coil in transmission was achieved. The value
of Ld component was estimated as follows. The impedance Zr of the receiver coil was
computed as
Zr = ZM
(Zt + Zc)
(Zt +Rc + Zc + ZM )
(8.5)
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with
Zc = jωL;Zm =
1
jωCM
;Zt =
1
jωCT
(8.6)
Ld was found such that LdCM resonates at the same radial frequency ω of the receiver:
Ld =
1
ω2CM
(8.7)
The value of Ld was found to be approximately 15 nH for all the elements.
The total impedance of circuit 8.13 (b) was hence computed as
Ztotal = Zd
Zr
(Zd + Zr)
(8.8)
with
Zd = jωLd (8.9)
The new resonance frequencies were calculated by applying the Kirchhoff’s Second Law
to circuit 8.13(b): 
i2
1
jωCT
+ i2jωL+ (i2 − i1) 1
jωCM
= 0
(i1 − i2) 1
jωCM
+ i1jωLd = 0
(8.10)
Solving the system in w, the following equation was computed:
ω4LLdCMCT + ω
2(−CMLd − CTL− LdCT ) + 1 = 0 (8.11)
The values of ω correspond to the positive solutions of equation 8.11 and give the
locations of the maxima of the impedance in Figure 8.14. The response of the circuit
for an off-resonance parallel network LdCM was also simulated. The inductance Ld was
perturbed of a value equal to about ±10 nH. It can be noticed from the graph that in
over-resonance condition, which corresponds to a higher value of Ld than the estimated
one, decoupling is less effective, whereas in lower-resonance condition, which corresponds
to a lower value of Ld, decoupling is still effective.
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(a)
(b)
Figure 8.13: Detuning network. (a) LdCM resonant circuit in parallel to the re-
ceiver.(b) Equivalent circuit when the PIN diode is forward biased in transmission.
Figure 8.14: Real impedance in reception and in transmission stages. Decoupling
in transmission was simulated for three values of Ld. Decoupling at Resonance: Ld =
15nH, Decoupling over-resonance: Ld = 25nH, and Decoupling lower-resonance: Ld =
5nH.
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Figure 8.15 shows the setup for testing the decoupling of the array in transmission
stage on the bench. The reception and transmission phases were recreated by means of a
Function Generator and a Vector Network Analyzer. The Function Generator generated
a square wave form with periodic transitions between two levels of voltage, 1 V and 0.1
V respectively. The former represented transmission, the latter reception. The square
waveform was combined with the S11 signal generated by the VNA by means of a 50
Ω 3-way power divider. The third channel of the power divider was connected to the
element of the array which was under test. The response was measured using a coupling
S21 probe.
Figure 8.15: Block diagram for testing of decoupling in transmission on the bench.
8.4.3 Step 3: Preamplifier decoupling
Second resonance modes which were not cancellable by adjusting the overlapping
fraction may be attributed to coupling with far-away neighbours. In order to identify the
potential coupling neighbour, pairs of elements were in turn isolated by short circuiting
the others. An example of coupling between far-away neighbours is given in Figure
8.16. The graph shows S11 and S12 responses of Element 2. By applying the explained
method, the source of the second resonance mode was identified in Element 3.
Once the coupling neighbour was identified, a low resistance was placed in parallel
to this element to simulate the presence of a low impedance preamplifier, as shown in
Figure 8.17, and hence to verify the efficiency of the decoupling. In the Siemens MR
scanner preamplifiers are integrated within the 4-channel flex interface box, which does
simplify the manufacturing procedure.
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Figure 8.16: Example of coupling between far-away neighbours. The second reso-
nance peaks are due to coupling of Element 2 with the far-away neighbour Element
3.
Figure 8.17: Low impedance preamplifier added in parallel to the element coil.
8.5 Results
Copper tape of thickness 0.5 mm and width 5 mm was used to trace each element of
the array. Transparent thin plastic semi-rigid sheets were used as circuit boards; each
element was traced independently on one sheet with the help of a millimetric sheet,
as shown in Figure 8.18 (a) in the case of the butterfly coil. The use of semi-rigid
sheets gave mechanical flexibility to the elements and thus facilitated the assembly and
testing of the array. A plastic support was manufactured in our workshop having shape
and dimensions of the detector; after assembling the elements on the support, tuning,
matching and decoupling components were added and their values were adjusted (Figure
8.18 (b)). In Figure 8.19 (a) a close view of a miniature circuit presented at an element
for matching, tuning and decoupling is shown; in Figure 8.19 (b) the interface connector
at the MR scanner is shown.
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8.5.1 Results on the bench
In Table 8.4 the final values of added capacitances and the electrical properties of each
element are reported. Figure 8.20 shows S11 and S21 measurements for each element of
the array. It can be observed that secondary resonance modes due to coupling between
the elements were cancelled or minimized. The dashed red circle indicates remaining
low amplitude second resonance peaks.
The resonance frequencies of the elements were slightly over-tuned because it was
observed that a loading phantom simulating the anatomy would shift the resonance
frequencies towards lower values by about 0.5 MHz. The values of the resonance fre-
quencies are reported below each graph (RefFreq). For all the elements a value of S11
lower than −15 dB was achieved (RefAmp), which indicated good matching between
an element and the coaxial cable.
Figure 8.21 shows S21 measurements in reception and transmission stages. These
results were obtained using Ld components of values 10 nH and the testing set up ex-
plained in Section 8.4.2. The reception stage corresponds to PIN diode off, while the
transmission stage corresponds to PIN diode on. In reception, the PIN diodes are reverse
biased and the elements resonates at the Larmor frequency. In transmission, the PIN
diode is forward biased and the parallel LdCM is presented at the circuit. The elements
are hence decoupled and the amplitude of the resonance peak decreases by at least 35
dB.
Table 8.4: Values of the electrical components and electrical properties of each ele-
ment.
element Cm Ct ν0 Q− factor
1 230 10.9 64.1 75
2 240 9.4 64.7 82
3 240 14.7 64.4 80
4 220 12.4 64.5 85
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(a)
(b)
Figure 8.18: Coil manufacturing. (a) Manufacturing the butterfly element and (b)
all element assembled.
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(a)
(b)
Figure 8.19: Details of the receiver. (a) Matching, tuning and decoupling circuit at
each element and (b) Connector interfacing the receiver to the MR Siemens Scanner.
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8.5.2 Results in the MR scanner
MR images were acquired in a 1.5 T Siemens Avanto MR Scanner. The body coil
was used as transmitter. The proposed receiver was connected to a four-channel flex-
interface of the scanner and positioned on the scanner table as shown in Figure 8.23.
A large orange was used to represent the prostate. The orange was placed within at
realistic distances from the elements by means of plastic supports and water phantom. A
Turbo Spin Echo sequence was used and the parameters were set as in the scan protocol
in Table 8.5. For comparison, MR images were also acquired using a standard coil
positioned in as similar as possible to a realistic situation. Transversal cross-sections are
shown in Figure 8.24; sagittal cross-sections are shown in Figure 8.25. The cross-sections
were through the middle of the simulated prostate.
The signal-to-noise ratio (SNR) was calculated as ratio of the average signal over a
selected uniform area of the prostate phantom and standard deviation of a selected area
of the background [Constantinides et al., 2008]. The selected areas are outlined in Figure
8.25. The computed SNR is reported in Figure 8.28. It can be noticed that by using the
proposed coil an improvement in signal-to-noise ratio of about 4 times was achieved.
Also, it can be noticed that the edges in the images acquired with the proposed
receiver are generally more defined than in the images acquired using the standard coil.
In order to further investigate the resolution of the signal, the tube phantom shown in
Figure 8.22 was employed. The tube phantom comprises a cylindrical plastic container
of internal diameter 67 mm and length 110 mm. This contains 10 plastic tubes of outer
diameter 15 mm with wall thickness 1.4 mm. Three of these tubes lie within a larger
plastic tube of outer diameter 36 mm and wall thickness 1.8 mm. The setup was as
before, with the tube phantom placed horizontally instead of the orange and the water
phantom removed. Results in transversal and sagittal planes are reported in Figures
8.26 and 8.27, respectively.
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Figure 8.22: Tube phantom. The phantom comprises 10 plastic tubes of outer di-
ameter 15 mm and wall thickness 14 mm. Three of them are within a larger tube of
diameter 67 mm (black tube).
Figure 8.23: Setup of the proposed receiver in the MR scanner. An orange phantom
represented the prostate; this was placed at realistic distances from the elements by
using a plastic supports and a flat water phantom.
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Table 8.5: Parameters of the sequence Turbo Spin Echo.
TR (ms) 3670
TE (ms) 121
Flip angle (◦) 137
Slice thickness (mm) 3-5
Pixel spacing (mm) 0.688
Distance factor (%) 10
Turbo factor 23
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Figure 8.28: Signal to noise ratio. The ratio was computed for the outlined sections
in the sagittal image and for both the coils.
8.6 Discussion and conclusions
This Chapter proposed a novel receiver design for imaging of the prostate while
performing MRI-guided transrectal prostate biopsy intervention. The external array
was designed based on the male pelvic anatomy and interventional requirements. The
detector follows closely the outer contour of the body, so that higher-signal-to noise
ratio is achieved, while it does not restrict mechanical movements of the manipulator
and endorectal probe. In order to minimize the mutual coupling between neighbouring
elements, partial overlapping of neighbouring coils and preamplifier decoupling were
employed. Also, coupling of the array with the transmitter coil during RF excitation
was minimized by employing passive detuning.
The proposed array and a standard pelvic array were compared in terms of sensitivity
and homogeneity. Simulations showed that the magnetic field of the proposed coil is
higher and more homogenous across the prostate. A prototype of the array was built
and images of a prostate and tube phantom were acquired using a T2-weighted TSE
sequence. The proposed coil showed an improvement of the signal-to-noise-ratio of
about four times and as a result the edges appeared more defined. These results suggest
that the new design may be considered for novel detectors for imaging of the pelvic area,
not only while performing prostate biopsy but also in diagnostic imaging. To this end,
comparison of the proposed coil with a combination of pelvic and endorectal coil would
be a next natural step.
Chapter 9
Conclusions and future work
The research presented in this thesis aimed to develop an optimized navigation system
suitable for performing MRI-guided prostate biopsy. With this aim, the main objectives
were identified to be a faster and more accurate localization of fiducial markers and in-
strument tracking, an optimized 3D graphical user interface for enhanced intra-operative
image feedback, and an optimized receiver coil for improved intra-operative imaging of
the suspect lesions. This Chapter outlines the achievements of the work and draws
conclusions and proposals for future work.
9.1 Summary of the Achievements
9.1.1 Localization method
A novel, fast and accurate method for 3D localization of N fiducial markers using
1D projections was presented. The localization method may be employed to localize
either active markers, when a single receiver channel is used, or semiactive markers.
The localization method was validated using Monte Carlo simulations and experiments
in 1.5 T and 2.9 T MR scanners. Sub-millimetre accuracy in localizing a marker was
achieved by applying Gaussian interpolation in peak detection and by using an optimal
set of reference projections to compute candidate points. A localization error better
than 0.3 mm was achieved. The reliability of the method when markers move was also
demonstrated and resulted in a maximum error equal to 0.7 mm for a speed anticipated
during interventional procedures. The total update time, comprising acquisition of the
set of 1D projections and computation, was equal to 73.7 ms, resulting in a total update
rate of about 10 Hz.
151
Chapter 9. Conclusions and future work 152
9.1.2 Tracking method
A method for tracking the endorectal probe and biopsy needle in MRI-guided prostate
biopsy was developed. Three semiactive markers were embedded within the probe in
a known geometrical configuration and tracked by means of the proposed localization
method. As the objective was to maximize the accuracy of the needle tip position, one
of the markers was positioned as close to the probe tip as possible and all markers were
placed reasonably far apart.
Localization of the probe and needle involved paired-point assignment of the measured
points to the markers in a nominal model of the probe. The error introduced by the
measurements was minimized by performing a rigid body transformation that minimizes
the sum of the squared distances between the measured markers and the corresponding
nominal markers. The transformation involved operations of translation and rotation,
and was computed by using Singular Value Decomposition and at each update.
The targeting error when three markers were used was estimated to be smaller than
1 mm both in simulations and experiments using 2.9 T and 1.5 T MR scanners. A
quantitative analysis performed using Monte Carlo simulations showed that by using 6
markers the maximum error is reduced to about 0.5 mm. It is important to underline
that this analysis assumed that needle and probe were perfectly made and that there
was no deflection of the needle during firing.
9.1.3 Graphical user interface
A novel 3D graphical user interface tailored for the specific application was imple-
mented. Simplified models of the endorectal probe and biopsy needle, in a position
after being fired, were superimposed onto three cross sections of the imaging volume
and updated about 10 times per second. 3D display of the anatomical volume involved
transverse and coronal planes, while a third plane was defined by the position of the
manipulator’s parallelogram mechanism and contained the probe and needle. Any of
these planes may be selected by the user to be displayed or hidden.
The suggested targeting trajectory was visualized as the line connecting the remote-
centre of the manipulator with the selected target. The remote-centre of motion of the
manipulator was automatically computed only once at the start of the intervention. In
addition, the high update rate of the localization method enabled implementation of
a filtering technique. It was demonstrated that by implementing the simplest moving
average filter, the fluctuations in the needle tip position can be significantly reduced.
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9.1.4 Optimized receiver coil
A novel phased array receiver coil for high-quality intra-operative imaging of the
prostate was designed. The prototype receiver coil array was designed to be close-fitting
to the patient and wearable in a manner resembling a diaper. The coil included three
trapezoidal loops tapered towards the z direction of the scanner and one butterfly coil
in order to compensate for the orientation with the main magnetic field at the perineal
body of the patient.
Simulations and experiments in a 1.5 T Siemens MR Scanner showed that the pro-
posed receiver provides a significantly higher sensitivity and homogeneity over the pro-
static area than a standard pelvic array coil. Acquired images of phantoms representative
of the prostate showed an improvement of the SNR of about four times.
The receiver coil was meant to be employed in situ throughout the interventional
procedure, for both anatomical imaging and tracking of the markers. However, as the
development of the receiver coil was carried out in parallel with the development of the
navigation workstation, the new receiver coil was not used in the tracking experiments.
It is expected that the use of the new receiver array would further improve the SNR of
the 1D projections, similarly to the demonstrated improvement in SNR when acquiring
2D images.
9.2 Discussion
In this work, semiactive markers were employed owing to their higher safety and
flexibility. The miniature size of the constructed markers was such as to provide a good
Q-factor while allowing for easy insertion of MR-visible material and easy fitting within
small medical instruments (e.g. biopsy probe). The suitability of the markers for the
clinical application was demonstrated in terms of signal amplitude in the presence of
a person in the scanner, local heating and generated artefacts. The markers produced
gradually less signal as the axis of the miniature solenoid was aligned with the main
magnetic field; for angles higher than 60◦, signal amplitude became comparable with
the background noise. Such situation was avoided by designing a manipulator mecha-
nism such that the axis of a coil is always perpendicular to the main field was employed.
This solution did not introduce any limitation in the range of movements of the manip-
ulator and avoided more complex approaches such as pairs of resonant fiducial markers
[Kuehne et al., 2003].
It is important to underline that the success of the localization algorithm highly
depends on the amplitude of the signal peaks against the background signal. As pre-
viously outlined, failure of the method may occur if a peak which does not correspond
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to a marker is detected or if a peak which corresponds to a marker is not detected. In
order to minimize these occurrences, markers should be accurately built and markers
which are tracked simultaneously should have similar electrical properties, so that the
parameters of the tracking sequence can be optimized for all of them at the same time.
In this work, the markers were entirely built manually in order to achieve the desired
high and reliable signal peaks. An improvement may be to employ spherical MR visible
material rather than cubical; this would minimize inaccuracies introduced by the direc-
tion of projection.
An important result of the proposed localization method is that using 13 1D pro-
jections was shown to be optimal in terms of minimizing the localization error and
maximizing the robustness, while the penalty in terms of computational time was in-
significant. High update rate was achieved by using a pre-defined set of 1D projections
and by avoiding cluster analysis [Flask et al., 2001]. Previously, Flask et al. [2001]
achieved a computational time equal to 16 ms for three markers, while Krieger et al.
[2005] reported a computational time equal to 50 ms. When 6 markers are used, the
achieved computational time showed an improvement of up to a factor of 100 over ex-
isting solutions.
In the case when multiple markers are being localized, a limitation of the algorithm
is that failure may occur in situations were due to symmetries peaks may merge in a
number of projections. This may happen for some configurations of the fiducial markers
and may be avoided by optimizing the set of the 13 projections and the fiducial config-
uration for the particular instrument design.
A fast update rate is essential in interventional procedures for several reasons. Firstly,
it minimizes inaccuracies introduced by patient and instrument’s movements. Secondly,
it provides enhanced guidance of the medical instrument by allowing interleaving of
tracking and visualization functionalities. Finally, it was demonstrated that by imple-
menting even a simple moving average filter, the fluctuations in the needle tip position
can be significantly reduced. The delay that was observed in a case of fast movement
of the probe might be avoided by implementing more advanced filtering techniques such
as the Kalman filter [Teukolsky et al., 1986].
The graphical user interface developed in this work was designed to meet the needs
of the specific application that was considered. This resulted in a more natural and
effective guidance than previously proposed such interfaces [Krieger et al., 2011] [Susil
et al., 2006]. Further improvements of the visualization may be considered. The tra-
jectory was computed under the assumption that the remote-centre was static during
the entire procedure; however, it was noticed that the displayed probe and needle were
sporadically slightly out of plane due to small movements of the remote-centre. This
was attributed to a suboptimal stability of the manipulator. A solution to this issue
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might be to compute and update the plane by using the three fiducial markers’ coordi-
nates only. A limitation of the graphical user interface is that it required an operator at
the navigation workstation to control the display and to execute the various commands
communicated by the clinician via microphones and speaker. A more efficient and less
time-consuming way to carry out the procedure would be to set-up a voice recognition
feature that allows the clinician to directly interact with the graphical user interface via
voice commands. Overall, the graphical display may benefit from being implemented
using c++, VTK or some other environment that is better suited than Matlab for real-
time applications.
With regard to the general research aim, it can be concluded that the development
of an optimized navigation system suitable for performing MRI-guided prostate biopsy
has been successful and that the implemented components provide a basis for other ap-
plications in the area of MRI-guided intervention. Integration of the tracking method,
visualization software, MR compatible manipulator and the hospital MRI system was
completed to a pre-clinical level. The system was judged by the relevant clinical staff at
the Royal Marsden Hospital (Institute of Cancer Research, Sutton, London, UK) to be
compatible with the clinical needs.
Safety is a main requirement in interventional procedures and the use of semiactive
markers for instrument tracking avoided safety hazards that may arise from cabling.
Also, no significant rise in the temperature of the marker was observed when running
imaging or tracking sequences. With regard to the safety of the positioning device,
accidental firing of the needle was avoided by introducing the biopsy gun only when
the probe was aligned with the target. Compatibility with anatomical imaging was also
investigated and the artefacts generated by the marker closest to the probe tip were
considered acceptable by the clinical staff.
The pre-clinical targeting trials were successfully performed and demonstrated the
ability to complete the biopsy procedure inside the magnet, without the need to with-
draw the scanner table from the magnet bore, a limitation common to many reported
systems [Beyersdorff et al., 2005] [Engelhard et al., 2006] [Krieger et al., 2011]. The
clinical staff quickly gained sufficient familiarity with the device and with the graphical
user interface, such that trials with patients are now being planned. The time taken to
complete a targeting procedure was about 5 minutes, lower than the time reported for
previously proposed systems [Beyersdorff et al., 2005] [Engelhard et al., 2006] [Krieger
et al., 2011]. The total procedure time was about 15 minutes, which is similar to the
time needed for a standard TRUS procedure which lasts on average about 20 minutes.
In terms of accuracy, the targeting error was estimated to be about 1 mm.
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9.3 Suggestions for future research
The achievements of this thesis not only provide contributions to the MRI field but
also a guide for future investigations. The major suggestions for future research are
outlined below.
Further development work for the prototype receiver coil is necessary in order to allow
patient trials. In the first instance this would involve the design and construction of an
appropriate ergonomic casing that will enable it to be used comfortably and safely. The
standard verification of safety in terms of potential heating during imaging must also be
carried out. Following this, further work on improving the ergonomics and performance
will probably be required. The coil will perform best if it is designed to provide a tight
fit to the patient and this may be ensured through appropriate design and the choice of
preferably soft materials for the casing. Ideally, the coil should also be flexible and ad-
justable to accommodate patients of different sizes. In this case, a method for adequate
tuning of the coil in situ is needed.
In the current procedure, verification images are acquired only before and after firing
the biopsy needle. If a movement of the lesion is observed, then the clinician interac-
tively selects the new position of the target and the trajectory is automatically adjusted
accordingly. A significant improvement to the navigation would be to introduce intra-
operative target tracking. This would entail development of a fast and accurate imaging
sequence for interleaving target and instrument tracking and development of a method
for automatic target identification.
The interventional system was tested at a pre-clinical level. Additional issues are ex-
pected to arise in trials with patients, which did not arise in phantom trails. Pre-clinical
trials were performed using anatomical models made of soft materials, while in a clinical
case the actual properties of the real tissues may cause a deviation of the needle from
the expected trajectory. This is an important issue which needs further detailed inves-
tigation. In addition, the suggested needle trajectory may be optimized to avoid nerves
and other anatomical structure. Further detailed development work is also anticipated
in relation to the probe itself. This may involve development of a fully reusable or a dis-
posable probe. A reusable probe would be designed for easy cleaning and sterilization,
as well as being fully waterproof. On the other hand, a disposable probe would be very
attractive from the practical point of view. The main challenge here is seen to be the
reproducibility and quality control in the manufacture of the in-built fiducial markers.
There are many other interventional procedures that would potentially benefit from
the work presented in this thesis. While the graphical user interface was specific for the
application, the tracking method, owing to its safety and flexibility, may be employed
for accurate and fast instrument tracking in other delicate procedures such as ablations
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or biopsies of lungs, breast or other organs. Also, the proposed coil design may be em-
ployed and optimized for diagnostic imaging of the male and female lower abdominal
areas.
9.4 Outcomes of this research
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Appendix A
Derivation of the RF Signal
The RF signal acquired at each 1D projection is given by the transversal component
of the magnetization vector at time TE:
MTExy =
√
M2TEx +M
2
TEy
(A.1)
In order to assess MTExy over a set of 1D projections, the evolution of the magnetization
vector M over repeated RF pulses was formulated by applying matrix formalism.
The RF pulse causes nutation of the magnetization vector M about the x axis of an
angle α. This effect might be represented by multiplication of the initial magnetization
vector by the matrix Rα:
Rα =

1 0 0
0 cos(α) sin(α)
0 −sin(α) cos(α)
 .
Consequent to RF nutation, T1 and T2 relaxation processes occur. The components
of the magnetization vector M at time t may be computed by applying Bloch equations
[Hargreaves et al., 2001]:
Mz(t) = Mz(0)(1− exp(− t
T1
)) (A.2)
Mxy(t) = Mz(0)(1− exp(− t
T2
)) (A.3)
Therefore, relaxation over a period τ can be represented by a multiplication of M by
the matrix Cτ , where
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C(τ) =

exp(− τT2 ) 0 0
0 exp(− τT2 ) 0
0 0 exp(− τT1 )

and an addition of the vector
D(τ) = (I−C(τ))

0
0
M0
 .
It was found that using this formulation, the magnetization at the 1D projection k
and just after the RF nutation is:
MkaRF = RαMk; (A.4)
the magnetization at time TE is:
MkTE = P(TE)T(TE)MkaRF +D(TE); (A.5)
the magnetization at time TR just before the RF pulse is:
MkTR = P(TR− TE)C(TR− TE)MkTE +D(TR− TE) (A.6)
.
Assuming perfect spoiling, the transverse component of the magnetization vector is
null just before each RF pulse. However, perfect spoiling is an ideal situation which is
difficult to reach in practice and a spoiling factor s may therefore be introduced. In this
case, at the next RF excitation (k+1), Mk in Equation A.4 becomes:
Mk+1 = MkTR

s
s
1
 .
Appendix B
Magnetic Field Calculation
The magnitude of the magnetic field produced by a straight wire
−−→
AB shown in Figure
B.1 can be expressed as:
|B| = µ0I
4pi
B∫
A
|dl× ˆ(r− r′)|
|r− r′|2 =
µ0I
4pi
B∫
A
cosγ|dl|
|r− r′|2 (B.1)
=
µ0I
4pi
γ2∫
−γ1
(cosγ)3ρdγ
(cosγ)2ρ2
=
µ0I
4piρ
γ2∫
−γ1
cosγdγ
=
µ0I
4piρ
(sin(γ2) + sin(γ1))
where (r− r′) is the distance from the current element dl to the field point P , ρ is the
normal distance between P and the wire, γ1 is the angle between ra and ρ, and γ2 is the
angle between rb and ρ. ra and rb are the distances from the point P to the two extreme
points of the wire A and B, respectively.
Figure B.1: Current-carrying wire arbitrarily oriented.
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By applying the Law of Cosine [Pickover, 2009] to the triangle ˆPAB:
cos(θ1) =
r2ab+r
2
a−r2b
2rabra
; cos(θ2) =
r2b+r
2
ab−r2a
2rabrb
(B.2)
and using the relation between sine and cosine
sin(γ1) = sin(
pi
2 − θ1) = cos(θ1); sin(γ2) = sin(pi2 − θ2) = cos(θ2) (B.3)
equation B.4 was expressed in terms of distance vectors:
|B| = µ0I
4pi
(
r2ab + r
2
a − r2b
2(rab)(ra)
+
r2ab + r
2
b − r2a
2(rab)(rb)
)
(B.4)
Since each element Idl is a vector with the same direction as −→rab, the direction of the
magnetic field B, eB, generated by each element current at point P was obtained by
computing the cross product of the vectors −→ra and −→rab [Zhou et al., 2012]:
eB =
~ra× ~rab
| ~ra× ~rab| =
∣∣∣∣∣∣∣∣
ex ey ez
xB − xA yB − yA zB − zA
xP − xA yP − yA zP − zA
∣∣∣∣∣∣∣∣ (B.5)
which is equal to:
vx√
v2x + v
2
y + v
2
z
ex +
vy√
v2x + v
2
y + v
2
z
ey +
vz√
v2x + v
2
y + v
2
z
ez (B.6)
with
vx = (yB − yA)(zP − zA)− (yP − yA)(zB − zA) (B.7)
vy = (xB − xA)(zP − zA)− (xP − xA)(zB − zA)
vz = (xB − xA)(yP − yA)− (xP − xA)(yB − yA)
Knowing the direction eB, the three components of the magnetic field B were then
computed as
B = |B|eB = Bxex+Byey+Bzez = |B|vx√
v2x + v
2
y + v
2
z
ex+
|B|vy√
v2x + v
2
y + v
2
z
ey+
|B|vz√
v2x + v
2
y + v
2
z
ez
.
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